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Plaintiff BiTMICRO LLC (“BiTMICRO”) submits this responsive brief in support of its 

constructions, which are consistent with the plain language of the claims and the intrinsic record. 

I. LEGAL STANDARD 

As the Court is well-versed in the law governing the interpretation of patent claims, 

BiTMICRO dispenses with a recitation of that authority generally, and highlights two issues.   

A. Indefiniteness  

Definiteness is evaluated from the perspective of someone skilled in the art. Nautilus, Inc. 

v. Biosig Instruments, Inc., 572 U.S. 898, 909 (2014). “One must bear in mind, moreover, that 

patents are ‘not addressed to lawyers, or even to the public generally,’ but rather to those skilled 

in the relevant art.” Id. (quoting Carnegie Steel Co. v. Cambria Iron Co., 185 U.S. 403, 437 

(1902)). “[T]he certainty which the law requires in patents is not greater than is reasonable, having 

regard to their subject-matter.” Id. at 910 (quoting Minerals Separation, Ltd. v. Hyde, 242 U.S. 

261, 270 (1916)). Terms of degree are not “inherently indefinite,” and “absolute or mathematical 

precision is not required.” One-E-Way, Inc. v. Int’l Trade Comm’n, 859 F.3d 1059, 1068 (Fed. Cir. 

2017) (quoting Interval Licensing LLC v. AOL, Inc., 766 F.3d 1364, 1370 (Fed. Cir. 2014)).  

Proof of indefiniteness requires an accused infringer to show “by clear and convincing 

evidence that a skilled artisan could not discern the boundaries of the claim based on the claim 

language, the specification, and the prosecution history, as well as her knowledge of the relevant 

art area.” Halliburton Energy Servs., Inc. v. M-I LLC, 514 F.3d 1244, 1249-50 (Fed. Cir. 2008).  

Defendants cannot meet that burden because they have not even defined who a person of ordinary 

skill in the art (POSITA) would be for the patents on which they are asserting indefiniteness.  Nor 

have they provided any expert testimony to support their indefiniteness arguments. The Court can 

and therefore should summarily deny all of those arguments.  See Williamson v. Google Inc., No. 

15-cv-00966-BLF, 2017 WL 3232582, at *10 (N.D. Cal. July 27, 2017) (defendant could not meet 

its burden on indefiniteness without expert opinion supporting its assertion that POSITA would 

not understand claim term “best suited” based on examples in specification); WesternGeco L.L.C. 

v. ION Geophysical Corp., 876 F. Supp. 2d. 857, 875 (S.D. Tex. 2012) (“Defendants’ unsupported 
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attorney argument fails to prove indefiniteness by clear and convincing evidence.”); Cacace v. 

Meyer Mktg. (Macau Commercial Offshore) Co., 812 F. Supp. 2d 547, 561 (S.D.N.Y. 2011) 

(“[M]ere attorney argument is insufficient to establish invalidity based on indefiniteness.”). 

B. Means-Plus-Function Limitations 

“An element in a claim for a combination may be expressed as a means or step for 

performing a specified function without the recital of structure, material, or acts in support thereof, 

and such claim shall be construed to cover the corresponding structure, material, or acts described 

in the specification and equivalents thereof.” 35 U.S.C. § 112(f). Moreover, “[a] limitation has 

sufficient structure when it recites a claim term with a structural definition that is either provided 

in the specification or generally known in the art.” Apple Inc. v. Motorola, Inc., 757 F.3d 1286, 

1298-99 (Fed. Cir. 2014) (emphasis added). In the context of computer-implemented inventions, 

“the ‘structure’ of computer software is understood through, for example, an outline of an 

algorithm, a flowchart, or a specific set of instructions or rules.” Id. “[A] challenge to a claim 

containing a means-plus-function limitation as lacking structural support requires a finding, by 

clear and convincing evidence, that the specification lacks disclosure of structure sufficient to be 

understood by one skilled in the art as being adequate to perform the recited function.” Budde v. 

Harley–Davidson, Inc., 250 F.3d 1369, 1376–77 (Fed. Cir. 2001); Intel Corp. v. VIA Techs., Inc., 

319 F.3d 1357, 1366 (Fed. Cir. 2003). Defendants have not met that burden. Intelligent Automation 

Design, LLC v. Zimmer Biomet CMF & Thoracic, LLC, 799 F. App’x 847, 852 (Fed. Cir. 2020). 

II. ’939 PATENT 

The ’939 Patent relates to systems and methods for managing data in a computer or 

memory system when the system loses external power. ’939 Patent (Ex. 1),1 Abstract. Specifically, 

the ’939 Patent describes a plurality of capacitors configured to supply power to the computer or 

memory system, activating those capacitors to supply power in the event of a loss of external 

power, and reconfiguring the data in the computer or memory system while that auxiliary power 

 
1 Unless otherwise noted, references herein to “Ex.” refer to exhibits attached to the supporting 
declaration of Richard Lin filed concurrently with this brief. 

Case 6:22-cv-00335-ADA   Document 44   Filed 12/16/22   Page 7 of 40

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



 

-3- 
 

is supplied. Id. at 2:24-31. Using the claimed systems and methods of the ’939 Patent, newly 

written and/or modified data can be stored (or flushed) from the volatile memory to the non-

volatile memory in the event of a power loss, and/or enable the data to be erased automatically or 

manually—thus, preserving the security of the stored data. Id. at 2:32-42.   

The ’939 Patent explains that computing systems generally utilized volatile memory for 

main memory and cache, but that one disadvantage of volatile memory is that it requires a constant 

source of power and if there is sudden loss of external power, there is insufficient time to safely 

write all the newly written and/or modified data (“in flight”) from the volatile memory to the hard 

disk drive before the system shuts down. Id. at 1:14-45. Prior art solutions, including batteries 

and/or uninterruptable power supplies (UPS), could be coupled to the internal power system, but 

had a number of disadvantages, including a limited number of charge-drain cycles, and large 

internal resistance, size, and weight. Id. at 1:46-2:21. The inventions of the ’939 Patent overcame 

these various limitations by disclosing systems and methods comprised of a plurality of capacitors 

configured to supply power to the computer system, activating those capacitors to supply power 

in the event of a sudden loss of external power, reconfiguring the data in the computer system 

(e.g., transferring any data from the volatile to non-volatile memory or erasing that unsecured data) 

while that auxiliary power is supplied, and then deactivating those capacitors. Id. at 2:24-37. 

A. “predetermined level” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’939 Patent 
Claims 1, 10 

Plain and ordinary meaning. “a preset minimum operating voltage 
necessary for proper operation, in which the 
super capacitors are not fully discharged” 

No construction of this term is necessary. The term “predetermined level” is an ordinary 

term that both laypersons and POSITAs readily understand.  See Ferguson Beauregard/Logic 

Controls, Div. of Dover Res., Inc. v. Mega Sys., LLC, 350 F.3d 1327, 1340 (Fed. Cir. 2003) (“The 

ordinary meaning of ‘predetermine’ is ‘to determine beforehand.’”). The claims use the term 

consistent with its plain meaning: “A [method/system] for controlling data in a computer system 
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when the computer system loses power . . . comprising . . . deactivating the plurality of super 

capacitors to cut off power to the computing engine based upon the plurality of super capacitors 

discharging to a predetermined level.” ’939 Patent, Cls. 1, 10. Defendants have not supplied any 

reason for diverging from that meaning. See e.g., Vitronics Corp v. Conceptronic, Inc., 90 F.3d 

1576, 1582 (Fed. Cir. 1996) (explaining that terms are “given their ordinary and customary 

meaning” unless a “special definition of the term is clearly stated in the patent specification or file 

history”); Innovative Sonic Ltd. v. Research in Motion Ltd., No. 3:11-CV-0706, 2012 WL 

4928897, at *10 (N.D. Tex. Oct. 17, 2012) (“[i]f a claim term is readily understood by a jury, there 

is no need for the court to construe the term”); Skyhook Wireless, Inc. v. Google, Inc., No. 10-

11571, 2012 WL 4076180, at *13, *18 (D. Mass. Sept. 14, 2012) (declining to construe terms 

where the proposed construction “would only complicate the term”); Gen-Probe Inc. v. Becton 

Dickinson & Co., No. 09CV2319, 2011 WL 7167137, at *17 (S.D. Cal. Nov. 22, 2011) (declining 

to construe terms where the terms are “common terms that need no clarification”). 

Defendants’ use of the term “predetermined level” in the claims of their own patents on 

the same subject matter confirm that the term requires no construction. For example, Intel’s U.S. 

Patent No. 9,977,478 is directed to a solid state drive (SSD) coupled to a host computing system, 

where “in the event of a power failure in the SSD, a backup energy reservoir, such as a capacitor, 

may allow the SSD to save in-flight data by storing the in-flight data persistently in the non-volatile 

memory of the SSD.” Ex. 2 (’478 Patent), 1:8-25. Intel uses the term “predetermined level” in 18 

of the 22 claims (and all the independent claims) of that patent, and in the same – plain and ordinary 

– way as it is used the claims of the ‘939 Patent. See e.g., id. at Cl. 1 (“a power management 

module configurable to provide read access to the non-volatile memory in response to the energy 

store being charged to an amount that is at least of a first predetermined level, and to provide write 

access to the non-volatile memory in response to the energy store being charged to an amount that 

is at least of a second predetermined level that is greater than the first predetermined level.”). Intel 

understood the plain meaning of that term when drafting the ’478 Patent; Defendants cannot now 

claim to be confused by the plain meaning in this case.  
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Defendants nevertheless seek to import the limitation “a preset minimum operating voltage 

necessary for proper operation, in which the super capacitors are not fully discharged” into the 

claim language. But “it is important not to import into a claim limitations that are not part of the 

claim.” Superguide Corp. v. DirecTV Enters., Inc., 358 F.3d 870, 875 (Fed. Cir. 2004). Defendants 

claim that “the patentee acted as its own lexicographer” (Defs. Br. at 4), but there is no definition 

of “predetermined level” in the portions of the specification cited in their brief. See Defs. Br. at 3 

(citing ’939 Patent at 5:39-52, 6:40-53). Nor do any of the statements in the specification relied 

upon by Defendants rise to the level of “a clear and unmistakable disclaimer.” See Cont’l Circuits 

LLC v. Intel Corp., 915 F.3d 788, 797 (Fed. Cir. 2019) (“To disavow claim scope, the specification 

must contain ‘expressions of manifest exclusion or restriction, representing a clear disavowal of 

claim scope.’”) (quoting Retractable Techs., Inc. v. Becton, Dickinson & Co., 653 F.3d 1296, 1306 

(Fed. Cir. 2011)). 

Nor do any of the cited statements in the prosecution history limit the meaning as 

Defendants contend. Instead, the applicant undertook the unremarkable task of distinguishing a 

reference (Manson) cited by the examiner. See Ta Decl., Ex. I at 7. That act alone does not create 

a disclaimer. See e.g., Cont’l Circuits, 915 F.3d at 797-798 (“comparing and contrasting the 

present technique to that of the prior art does not ‘rise to the level of [a] clear disavowal’ of claim 

scope”). Moreover, the actual language used by the applicant in those portions was exemplary: 

“The predetermined level can be set above the minimum operating voltage of the computer system, 

preventing the computer system from running with unpredictable results. . . . Furthermore, the 

predetermined level can be set above a zero level of power for the computer system.” Ta Decl., 

Ex. I at 7 (emphasis added). These statements do not represent a clear disavowal of claim scope. 

B. “means for deactivating the plurality of super capacitors to cut off power to 
the computing engine based upon the plurality of super capacitors 
discharging to a predetermined level” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’939 Patent 
Claim 10 

Function: deactivating the plurality of super capacitors 
to cut off power to the computing engine based upon 

Indefinite under 35 
U.S.C. § 112(6): 
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the plurality of super capacitors discharging to a 
predetermined level. 
Structure: Col. 3:3-12, 3:28-4:8, 5:35-42, 6:37-44, Figs. 
1, 3, 5, of the ’939 Patent, and equivalents thereof.2 

Lacks corresponding 
structure. 

This term is not indefinite. The “means for deactivating the plurality of super capacitors to 

cut off power to the computing engine based upon the plurality of super capacitors discharging to 

a predetermined level” is fully and adequately described in the specification of the ’939 Patent.  

The claim at issue, along with Figures 1 and 3 from the specification, are recited below: 

10. A system for controlling data in 
a computer system when the 
computer system loses power, the 
computer system comprising a 
computer engine, comprising: 
 
[a] means for activating a plurality 
of super capacitors to supply power 
to the computing engine based 
upon power being removed from 
the computer system; 
 
[b] means for reconfiguring the 
data in the computing engine; and 
 
[c] means for deactivating the 
plurality of super capacitors to cut 
off power to the computing engine 
based upon the plurality of super 
capacitors discharging to a 
predetermined level. 

  

As a preliminary matter, it will be apparent to the Court (as it would be apparent to the jury and 

POSITAs), that limitation [a] is the mirror image of limitation [c]. The former recites “means for 

activating a plurality of super capacitors to supply power to the computing engine,” whereas the 

latter recites “means for deactivating the plurality of super capacitors to cut off power to the 

computing engine.” See ’939 Patent, Cl. 10. Accordingly, disclosures of structure, acts, and 

methods relevant to limitation [a] are also equally relevant to limitation [c]. Defendants have not 

challenged limitation [a], and for good reason. Nor should they have challenged limitation [c]. 

In the portions cited by Plaintiff in its proposed construction, the specification describes an 

 
2 Plaintiff has revised its proposal slightly to omit the disclosures 4:20-35, 4:46-52, and 4:64-5:5 from its proposal. 
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embodiment wherein a “computing engine CE 28 . . . is supplied power from the external power 

source EPS 22 through the power isolator PI 26.” The specification continues to explain: 

The PI 26 isolates the CE 28 from the EPS 22. Power sensors 24 are implemented 
to notify the CE 26 of any sudden loss of power from the EPS 22.  
       An up-converter 32 is coupled to a plurality of super-capacitors SC 34 in order 
to convert the voltage supplied by the EPS 22 and charge the super-capacitors 34. 
Two charge level sensors 30 inform the CE 28 when the SC 34 are partially and 
fully charged. Once the SC 34 are fully charged, the demand for current is minimal 
and the charging circuit goes into trickle charge mode to keep the SC 34 at their 
peak charge value. A down converter DC 42 is also coupled to the SC 34 to convert 
the voltage from the SC 34 to supply power to the CE 28. 

’939 Patent, 3:28-3:48 (emphasis added). The specification describes the latter elements, along 

with certain temperature sensors and controls, as “the SC 34 and the associated circuitry 30, 32, 

36, 38, 42.” Id. at 3:49-4:8. Indeed, the specification contemplates “the SC 34 and the associated 

circuitry 30, 32, 36, 38, 42” as “a removable option to the system.” Id.; see Fig. 1 (dashed line).3 

The specification also explains how this “circuitry” works in the context of limitations [a] 

and [c]. For example, in one exemplary embodiment (“save mode”), the specification explains: 

To better understand the operation of the “save mode” feature of the method in 
accordance with the present invention, please refer to the flowchart of FIG. 3.  

[a] First, once the computer system detects that the external system power has fallen 
below a certain threshold amount via the power sensors, the up-converter is 
deactivated, via step 100. Next, the down-converter is activated to maintain the 
internal power of the system, via step 102. This reverses the flow of current between 
the computer system and the super-capacitors. The super-capacitors then begin to 
slowly discharge current to the computer system through the down-converter, via 
step 104. Then the computer system is isolated from the external power source, via 
step 105. This prevents any contention between the external power source and the 
down-converter. The rate of discharge depends on the amount of capacitance and 
the amount of current needed by the computer system.  

[b] While the computer system is receiving current from the super-capacitors, data 
is transferred from the volatile memory to the non-volatile memory, via step 106.  

[c] Next, the two charge level sensors inform the computer system that the super-
capacitor voltage has fallen below the fully charged and partially charged levels, 
via step 108. Finally, once the super-capacitors discharge to a predetermined level, 

 
3 The specification further notes that “one of ordinary skill in the art will readily recognize that a 
variety of voltages could be used in this system” and “the number of converters utilized could 
vary without departing from the spirit and scope of the present invention.” ’939 Patent, 4:4-8. 

Case 6:22-cv-00335-ADA   Document 44   Filed 12/16/22   Page 12 of 40

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



 

-8- 
 

the down-converter has insufficient voltage differential to continue proper 
operation and shuts down, thus turning off the power to the computer system, via 
step 110. 

’939 Patent, 5:17-43. The specification includes other related embodiments. Id. at 6:20-44. Though 

not expressly stated herein, but obvious to laypersons and POSITAs alike, when the capacitors 

have discharged to a predetermined level and the down-converter shuts down (or turns “off” as 

shown in Fig. 1), other elements of the circuitry may revert (or reverse) to their original states (e.g., 

power isolator and up-converter both turn “on”) for when external power is restored. See id.4 

Accordingly, this term or limitation [c]—“means for deactivating the plurality of super 

capacitors to cut off power to the computing engine based upon the plurality of super capacitors 

discharging to a predetermined level” —has sufficient “corresponding structure, material, or acts 

described in the specification.” They are the “circuitry” disclosed and the equivalents thereof. 

Defendants have not—and cannot—meet their burden to show “by clear and convincing 

evidence, that the specification lacks disclosure of structure sufficient to be understood by one 

skilled in the art as being adequate to perform the recited function.” Budde v. Harley–Davidson, 

Inc., 250 F.3d at 1376–77; Intelligent Automation Design, 799 F. App’x at 852 (Fed. Cir. 2020). 

Indeed, Defendants’ failure to put forward an expert evidence in support of their indefiniteness 

argument of this—and the other challenged MPF limitation—is fatal to their case. Cf. Williamson, 

2017 WL 3232582, at *10; WesternGeco, 876 F. Supp. 2d. at 875; Cacace, 812 F. Supp. 2d at 561. 

Defendants’ arguments to the contrary are also unavailing. The notion that the specification 

“simply states a result… rather than describing a structure that achieves the result” (Defs. Br. at 6) 

is contradicted by the disclosures above.5 And Defendants’ attempt to distinguish between the 

 
4 A reasonable jury would consider “activating the super-capacitor” and “deactivating the super-
capacitor,” as well as “supply power” and “cut off power” are two sides of the very same coins.  
5 Defendants’ cases are also inapposite. In each of the three cited cases, the disputed term was a 
means-plus-function term implemented in software for which the patentee had not disclosed an 
algorithm for performing the recited function. See Ergo Licensing, LLC v. CareFusion 303, Inc., 
673 F.3d 1361, 1365 (Fed. Cir. 2012); Arendi S.A.R.L. v. LG Elecs., Inc., No. 12-1595-LPS, 2019 
WL 3891150, at *14 (D. Del. Aug. 19, 2019); Pi-Net Int’l Inc. v. JPMorgan Chase & Co., No. 
12-282-SLR, 2014 WL 1997039, at *9 (D. Del. May 14, 2014). By contrast, the issue here is 
whether the circuitry disclosed in the specification constitute a sufficient structure. It does. 
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disclosed “up-converter” and “down-converter,” on the one hand, and the “super capacitor array” 

on the other, and to argue that the specification needs to “identify a specific structure for 

deactivating a plurality of super capacitors” does not make any sense. See Defs. Br. at 6-8. For 

example, it is not clear what Defendants think “deactivating” capacitors means in this context and 

what sort of “structure,” if disclosed, would satisfy that meaning. Defendants refer to “render[ing] 

the super capacitors inactive.” See Defs. Br. at 8. Does that mean the capacitors are unable to take 

a charge again? That does not make sense in the context of these claims or inventions. Does that 

mean something else? Are Defendants sure that they understand how capacitors work?  Notably, 

Defendants do not appear to have been able to find a POSITA to support any of these criticisms.6 

Defendants require too much regardless. The claim language explains what “deactivating 

the plurality of super capacitors” means in this context: “[i] to cut off power to the computing 

engine [ii] based upon the plurality of super capacitors discharging to a predetermined level.” ’939 

Patent, Cl. 10. The specification clearly discloses corresponding structure for both aspects. 

Finally, Defendants take issue with Plaintiff’s proposed construction because it does not 

describe the corresponding structure in words. Defs. Br. at 8-9. Plaintiff does not understand that 

to be a requirement in this or other courts when confronting §112(6) arguments. See e.g., Ex. 3 

(Claim Construction Order in Viatech Tech., Inc. v. Adobe Inc., Case No. 20-358-RGA (D. Del., 

Nov. 1, 2021)) at 2-3 (identifying corresponding structure for MPF terms with string cites to the 

specification). To the extent this Court believes words are required, Plaintiff proposes “the circuity 

(including sensors and converters) disclosed in … and equivalents thereof.”  
 

C. “reversing the flow of current between the computing engine and the 
plurality of super capacitors” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’939 Patent 
Claim 6 

Plain and ordinary meaning; not indefinite. Indefinite. 

This term is not indefinite. Again, Defendants ignore the context in which this appears in 

 
6 To the extent Defendants have in mind some structure “generally known in the art,” that is also 
unavailing. See Apple Inc. v. Motorola, Inc., 757 F.3d 1286, 1298-99 (Fed. Cir. 2014). 
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the claims, the corresponding discussion in the specification, and general common sense.  

1. A method for controlling data in a computer system when 
the computer system loses power, the computer system 
comprising a computing engine, comprising the steps of: 
 
(a) activating a plurality of super capacitors to supply power 
to the computing engine based upon power being removed 
from the computer system; 
 
(b) reconfiguring the data in the computing engine; and 
 
(c) deactivating the plurality of super capacitors to cut off 
power to the computing engine based upon the plurality of 
super capacitors discharging to a predetermined level. 
 
6. The method of claim 3 wherein the activating step (a) 
further comprises: 
(a1) reversing the flow of current between the computing 
engine and the plurality of super capacitors; and 
(a2) discharging current from the plurality of super capacitors 
to the computing engine.  

Defendants are correct that this term appears twice in the specification. Defs. Br. at 10-11. 

Indeed, these references occur in the same passages discussed with respect to the previous term.  

To better understand the operation of the “save 
mode” feature of the method in accordance with the 
present invention, please refer to the flowchart of 
FIG. 3.  

[a] First, once the computer system detects that the 
external system power has fallen below a certain 
threshold amount via the power sensors, the up-
converter is deactivated, via step 100. Next, the 
down-converter is activated to maintain the internal 
power of the system, via step 102. This reverses the 
flow of current between the computer system and 
the super-capacitors. The super-capacitors then 
begin to slowly discharge current to the computer 
system through the down-converter, via step 104. 
Then the computer system is isolated from the 
external power source, via step 105. This prevents 
any contention between the external power source 
and the down-converter. The rate of discharge 
depends on the amount of capacitance and the 
amount of current needed by the computer system.  

[b] While the computer system is receiving current 
from the super-capacitors, data is transferred from the 

To further understand the operation of the “erase 
mode” feature of the method in accordance with the 
present invention, please refer to the flowchart of 
FIG. 5.  

[a] First, once the computer system detects that the 
external system power has fallen below a certain 
threshold amount, the up-converter is deactivated, via 
step 300. Next, the down-converter is activated to 
maintain the internal power of the system, via step 
302. This reverses the flow of current between the 
volatile memory and the super-capacitors. The 
super-capacitors then begin to slowly discharge 
current to the computer system through the down-
converter, via step 304. The computer system is then 
isolated from the external power source, via step 305. 
This prevents any contention between the external 
power source and the down-converter. The rate of 
discharge depends on the amount of capacitance and 
the amount of current needed by the computer 
system.  

[b] While the computer system is receiving current 
from the super-capacitors, all traces of data in the 
volatile memory is completely erased, via step 306.  
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volatile memory to the non-volatile memory, via step 
106.  

[c] Next, the two charge level sensors inform the 
computer system that the super-capacitor voltage has 
fallen below the fully charged and partially charged 
levels, via step 108. Finally, once the super-
capacitors discharge to a predetermined level, the 
down-converter has insufficient voltage differential 
to continue proper operation and shuts down, thus 
turning off the power to the computer system, via 
step 110. 

[c] Next, the two charge level sensors inform the 
computer system that the super-capacitor voltage has 
fallen below the fully charged and partially charged 
levels, via step 308. Finally, once the super-
capacitors discharge to a predetermined level, the 
down-converter has insufficient voltage differential 
to continue proper operation and shuts down, thus 
turning off the power to the computer system, via 
step 310. 

’939 Patent, at 5:17-43; 6:20-44. These disclosures in the specification make clear that “reverse” 

in the claim language is referring to the change in the flow of current in the system from the normal 

state (when power is supplied by the EPS to the computing engine and to the capacitors to charge 

them) and backup state (when power is supplied from the capacitors to the computer engine). 

Defendants appear to take issue with the word “reversing,” but it appears that they may 

just be pretending not to understand how capacitors work—or what Figure 1 actually conveys to a 

reasonable observer. Defs. Br. at 10-11. As the specification explains, the method/system uses 

capacitors as a backup power source in the event of a sudden power loss. During normal operation, 

the external power supply (EPS) supplies current to the Computing Engine and capacitor (via a 

voltage converter) from the same power plane.  This charges the capacitor, draining current that 

would otherwise go to the CE. Laypersons and POSITAs alike would thus understand that the 

current charging to the capacitor needs to pass through the capacitors’ plate to ground. It is beyond 

dispute that a capacitor has two terminals.  See e.g., https://en.wikipedia.org/wiki/Capacitor.  In 

other words, the current is going toward the capacitors. And then, after a sudden power loss, the 

EPS supplies no current and capacitor begins discharging current, i.e., current flows from the same 

capacitor plate (via a voltage convertor) to the shared power plane of the EPS, Power Isolator, and 

CE. Therefore, the current flows in “reverse” direction at the charged plate.  

Accordingly, this term is not indefinite and should be given its plain and ordinary meaning. 
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D. “means for reversing the flow of current between the computing engine and 
the plurality of super-capacitors” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’939 Patent 
Claim 15 

Function: reversing the flow of current between the 
computing engine and the plurality of super 
capacitors. 
Structure: Col. 3:3-12, 3:28-4:8, 6:22-28, Figs. 1, 3, 
5, of the ’939 Patent, and equivalents thereof. 

Indefinite under 35 
U.S.C. § 112(6): Lacks 
corresponding structure. 

This term is not indefinite for the same reasons as discussed with respect to the previous 

term. And the disclosures recited with respect to that term and the “deactivating” term above also 

identify the corresponding structure, i.e., the “circuity” in the cited passages of the specification. 

III. ’243 PATENT 

The ’243 Patent describes module stacking and packaging for electronic devices.  

Specifically, multiple modules, such as semiconductor dies, are stacked together and connected to 

create a stacked module. ’243 Patent (Ex. 4), 1:32-36. A stacked module creates a package with 

specific functions or a range of memory capacity. Id. Multiple packages can be stacked to create a 

desired memory capacity or different packages can be stacked to create a desired functionality. Id. 

at 1:47-49. The stacking techniques described in the ’243 Patent allow large capacity storage and 

high functionality devices to be implemented in a smaller package, saving space on an integrated 

circuit board and thus allowing smaller devices to include memory capacity or functionality that 

may otherwise be unachievable. Id. at 1:54-62. The modules within the stack can be a variety of 

chips, such as flash memory modules, SDRAM memory modules, and controller modules. See, 

e.g., id. at 6:44-7:7, Fig. 12a. The ’243 Patent further describes interconnections and signal routing 

between the modules within the stack. See id. at 8:61-10:35. And the ’243 specification notes that 

the disclosed stacking designs are “very flexible depending on the specific application, capacity, 

board size and height limit.” Id. at 10:39-40. 
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An exemplary embodiment is depicted in Figure 21a of the ’243 Patent as follows: 

As shown in Figure 21a, a main board 2101 has multiple chip modules 2103, 2106, 2130, 

and 2108 stacked on top of it. The modules are electrically connected to each other through a series 

of ball and pad connections. For example, an input signal 2102 can be passed from the main board 

through the IN ball 2104 to the OUT pad 2105 of base module 2103. From there the input signal 

can be passed through the IN balls and OUT pads of the other modules stacked above in a serial 

chain until the signal reaches the end module 2108. In the end module, the signal can be routed 

internally through the module via connection 2112 to another pad 2110 on the end module. The 

signal can then be passed back down through the stack of modules to the main board through a 

similar serial chain of ball and pad connections between the modules. Id. at 9:61-10:35.  

A. “passive port” 

Patent BiTMICRO’s Proposal Intel’s Proposal 
’243 Patent 
Claims 1, 2 

“connection between a passive 
ball and a passive pad” 

“connection between a passive ball on one 
surface of a SDRAM module and a passive 
pad on another surface of the same SDRAM 
module” 

 The ’243 specification refers to “passive port” generally as a connection between a 

passive ball and a passive pad: 

 “[A]t least one passive port connecting a passive ball and passive pad, such as the 
passive ports 1905 . . .” Ex. 5 (’243 Certificate of Correction) at 9:12; Ta Decl., Ex. F 
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at 3; 
 

 “At least one of the balls and pads that are coupled to their respective chain circuit may 
be in the form of a passive ball and passive pad, respectively . . . . In effect, each of 
these serial chain circuits functions as a passive port.” Ex. 5 (’243 Certificate of 
Correction) at 10:8; Ta Decl., Ex. F at 5. 

BiTMICRO’s proposed construction of “passive port” is therefore consistent with the usage of 

that term in the specification. 

Intel’s proposed construction of “passive port” is unduly narrow because: 1) it is limited to 

connections within an SDRAM module; and 2) it requires the passive ball and passive pad to be 

on different surfaces of the same module. With respect to the first issue, there is nothing in the 

specification limiting “passive port” to connections within an SDRAM module. Indeed, the 

specification describes various embodiments where the stacked chips are all flash or other memory 

modules, rather than SDRAM modules. See, e.g., ’243 Patent, 2:27-30, 2:34-36, 2:51-54, 3:30-47, 

4:43-61, 5:9-21, 6:10-21, 9:23-10:35, Figs 3a-c, 5a-b, 10, 20a-b, 21a-b. And the specification notes 

that the disclosed stacking technique “is very flexible depending on the specific application, 

capacity, board size and height limit.” Id. at 10:39-40. 

Even the embodiment in Figures 21a-b, which Intel contends to be the sole embodiment 

with the “serial chain” and “control circuit” components of claims 1, 2, 11, and 12, is not limited 

to SDRAM modules. See id. at 9:61-10:35. Rather, that embodiment simply refers generally to a 

connection technique “used for serial routing of all modules in the stack,” without limitation to 

any type of module. Id. at 9:61-64 (emphasis added). Intel’s construction is therefore incorrect, as 

it would exclude multiple embodiments from the scope of the claims, including at least one 

embodiment that Intel agrees should be covered by the claims. See Kaufman v. Microsoft Corp., 

34 F.4th 1360, 1372 (Fed. Cir. 2022) (“A claim construction that excludes a preferred embodiment 

is rarely, if ever correct . . . .”) (quotations omitted). 

Case 6:22-cv-00335-ADA   Document 44   Filed 12/16/22   Page 19 of 40

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



 

-15- 
 

Intel’s construction is also incorrect because it would require the passive ball and passive 

pad to be on different surfaces of the same module. Again, this construction is wrong because it 

would exclude a preferred embodiment. Specifically, for the Figure 19 embodiment, the 

specification identifies “passive ports 1905 connecting passive ball X2 to passive pad X2 and 

passive ball X1 to passive pad X2.” Ex. 5 (’243 Certificate of Correction), at 9:8; Ta Decl., Ex. F 

at 3. “Passive ports 1905 connecting . . . passive ball X1 to passive pad X2” refers to the following 

connection in Figure 19 highlighted in red: 

As shown in Figure 19, this connection is between a ball and pad on different modules (ball X1 on 

SDRAM Module 1 and pad X2 on SDRAM Module 0), rather than the same module as proposed 

by Intel. Intel’s construction would improperly exclude this embodiment.   

Intel’s construction is also wrong under principles of claim differentiation. Claim 2 recites 

“[t]he stacked module of claim 1 wherein . . . the passive port connects a passive ball on one 

surface of a module to a passive pad on another surface of the module.” The presence of this 

narrowing limitation in dependent claim 2 supports that it is not a requirement of the “passive port” 

in claim 1. See Liebel-Flarsheim Co. v. Medrad, Inc., 358 F.3d 898, 910 (Fed. Cir. 2004) (“[T]he 

presence of a dependent claim that adds a particular limitation raises a presumption that the 

limitation in question is not found in the independent claim.”). 

Intel mischaracterizes the applicants’ statements to the examiner regarding “passive port” 

during prosecution. To overcome the examiner’s indefiniteness rejection, the applicants cited to a 
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section of the specification discussing a “connection between a passive ball . . . and passive pad” 

and emphasized the word “connection” as the critical word in this section. Ta Decl., Ex. F at 23.  

Applicants further stated: “The above description should be read in conjunction with amended 

Figure 19, which shows that a passive port 1909 connects ‘a passive ball’, such as passive ball X2, 

‘on one surface of a SDRAM module’, such as SDRAM module 0, and a passive pad’, such as 

passive pad X3, ‘on another surface of the same DRAM module,’ such as SDRAM module 0.”  Id. 

(emphasis in original). Applicants’ repeated emphasis of the words “connection” and “connects” 

indicates the defining characteristic of “passive port” is a connection, consistent with 

BiTMICRO’s construction. And the applicants’ repeated use of the phrase “such as” further shows 

that they were merely pointing out example connections to the examiner. 

Applicants were not defining “passive port” to be limited to the particular connection 

between a passive ball and pad on different surfaces of an SDRAM module, as Intel contends. The 

Federal Circuit implements an “exacting” standard for lexicography. Luminara v. Worldwide, LLC 

v. Liown Elecs. Co., 814 F.3d 1343, 1353 (Fed. Cir. 2016) (“To act as a lexicographer, a patentee 

must clearly set forth a definition of the disputed claim term and clearly express an intent to 

redefine the term.”) (internal quotations omitted). That standard is not met here. Applicants were 

merely providing the examiner with an example of a “passive port” – namely, one of the passive 

ports in Figure 19, which the specification repeatedly refers to as a non-limiting “example 

embodiment.” ’243 Patent, 9:12-13, 9:21-22. This is further confirmed by the fact that, when the 

applicants wanted to define a term in the specification, they used the different phrasing of “referred 

to as.” See Ex. 5 (’243 Certificate of Correction) at 9:3 (“An active pad may also be referred to 

herein as an ‘active port.’); 10:2 (“A signal route that includes a serial chain circuit coupling an 

ball and pad is herein after referred to as a ‘serial chain connection’ . . . .”). This difference in 

phraseology shows there was no intention to limit “passive port” to just one example in Figure 19. 

See Medicines Co. v. Mylan, Inc., 853 F.3d 1296, 1306 (Fed. Cir. 2017) (description of “efficient 

mixing” in specification was not a definition because patentee used different language of “refers 

to” or “as defined herein” when defining terms). 
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Finally, Intel overstates the significance of the applicants’ statement during prosecution 

that “[a]pplicants may be their own lexicographers.” The applicants made that statement as part 

of a general recitation of MPEP rules for the examiner to consider: 

Definiteness of claim language must be analyzed, not in a vacuum, but in light of 
Applicants written disclosure, the prior art, and the claim interpretation that would 
be given by one of ordinary skill in the art at the time the invention was made.  
MPEP 2173.02.  Applicants may be their own lexicographers.  MPEP 2173.01. 

Ta Decl., Ex. F at 23. Nowhere in their arguments to the examiner, however, did the applicants 

explicitly state that they were providing a definition of “passive port.” 

B. “a plurality of modules each comprising” 

Patent BiTMICRO’s Proposal Intel’s Proposal 
’243 Patent 
Claim 1 

Part of the preamble and not a 
limitation of the claim. 

“each module in the stacked module 
comprises” 

 Claim 1 of the ’243 Patent begins as follows: 

 

 As shown in the patent, the applicants structured the claim to show that the entire phrase 

“[a] stacked module comprising a plurality of modules each comprising” appearing before the 

colon is the preamble, as it introduces the subject matter of the rest of the claim. See NetJumper 

Software, L.L.C. v. Google, Inc., No. 04-70366, 2008 WL 835819, at *3 (E.D. Mich. Mar. 29, 

2008) (finding the claims-in-suit “begin with a preamble which is the part of the claim that appears 

before the first colon.”); Application of Dean, 291 F.2d 947, 951 (C.C.P.A. 1961) (the preamble 

“is all that portion at the beginning of the claim preceding the colon.”); Omega Patents, LLC v. 

Calamp Corp., No. 6:13-cv-1950-Orl-40DAB, 2015 WL 12830497, at *3 (M.D. Fla. Dec. 23, 

2015) (“The preamble ends with the phrase, ‘the control system comprising,’ followed by a 

colon.”).  The words “each comprising” in the preamble refers to the fact that each “stacked 

module” includes the limitations that appear after the first colon in the claim. 
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Intel incorrectly asserts that the phrase “a plurality of modules each comprising” is not part 

of the preamble. Under Intel’s construction breaking off this language from the rest of the 

preamble, all of the limitations following the “each comprising” would be required in each module 

within the stack. This construction does not make sense in light of the specification.  Claim 1 

includes the limitations of “a first serial chain route” and “a second serial chain route.”  Under 

Intel’s construction, each module within the stack would require both of these limitations.  But the 

specification describes Figure 21a as showing a “connection technique to be able to connect a 

serial chain route from multiple modules in a stack.” ’243 Patent, at 3:39-42 (emphasis added). 

The specification further describes that “at least two serial chain connections connected in series 

are herein after referred to as a ‘serial chain route’, such as serial chain route 2146 or 2111.” Ex. 

5 (’243 Certificate of Correction) at 10:2. Those serial chain routes are highlighted in red in Figure 

21a below: 

As shown in Figure 21a, a “serial chain route” is a route that runs through multiple modules 

within a single stack.7 It therefore does not make sense for each module within the stack to 

 
7 The specification also states that “[a] signal route that includes a serial chain circuit coupling 
an ball and pad is herein after referred to as a ‘serial chain connection’, and at least two serial 
chain connections connected in series are herein after referred to as a ‘serial chain route’, such 
as serial chain 2146 or 2111.” Ex. 5 (’243 Certificate of Correction) at 10:2 (emphasis added). 
This further supports that a single module cannot have a “serial chain route.” Rather, a “serial 
chain route” requires multiple modules.   
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separately have its own first and second “serial chain routes,” as Intel’s construction would require. 

Rather, consistent with the specification and BiTMICRO’s construction, the “first serial chain 

route” and “second serial chain route” in claim 1 must be limitations of the entire “stacked 

module,” rather than limitations of each of the “plurality of modules” within the stack.  

In addition, claim 1 also includes the limitation “a control circuit for enabling a routing 

path that connects the first serial chain route with the second serial chain route within an end 

module.” In the Figure 21a example shown above, there is only one module in the stack that can 

contain such a control circuit – namely, the topmost module 2108 (the “end module”), which 

provides the “routing path” 2112. Ta Decl., Ex. F at 4-5. Intel’s construction requiring each module 

in the stack to have all the limitations of claim 1 again does not make sense in light of the Figure 

21a embodiment, as that figure has only one module in the stack serving as an “end module” that 

contains the recited “control circuit for enabling a routing path . . . within an end module.” Thus, 

Intel’s construction is directly at odds with the specification, and should be rejected. 

Intel’s antecedent basis argument also lacks merit. A phrase in the preamble that provides 

antecedent basis for a limitation in the body of the claim “may limit claim scope,” but does not 

always do so. Catalina Marketing Int’l, Inc. v. Coolsavings.com, Inc., 289 F.3d 801, 808 (Fed. Cir. 

2002) (emphasis added). Here, the body of claim 1 “defines a structurally complete invention,” as 

evidenced by the fact that “plurality of modules” could be deleted from the preamble and the scope 

of claim 1 would remain unchanged. See id. at 810. “Plurality of modules” is therefore not a 

limitation of the claims. And even if it were a limitation, Intel misinterprets the “each comprising” 

language that follows this phrase, which as discussed above relates back to the term “stacked 

module,” not the “plurality of modules.” 

IV. ’740 PATENT 

The ’740 Patent describes a mapping table for optimizing memory operations in an 

electronic storage device. Prior to the inventions in the ’740 Patent, memory operations in solid 

state storage devices were subject to a number of inefficiencies. As described in the ’740 

specification, SSDs such as those that include NAND flash memory “suffer from write cycle 
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limitations and to a certain degree, bad blocks. In addition, flash drives use block addressing rather 

than byte addressing, and these flash drives use block addresses that are usually much larger than 

the block address used by the host. Block addressing may impose an additional level of complexity 

and additional processing cycles when performing a write operation, and which in turn, may 

increase write operation latency. This additional level of complexity may include performing a 

read-modify-write transaction to complete the write operation.”  See ’740 Patent (Ex. 6), 1:42-53. 

To address these issues and increase the speed and efficiency of memory operations in their 

products, SSD manufacturers tried solutions such as adding complex algorithms to handle the 

management of memory operations and adding more powerful processing devices to run these 

complex algorithms. Id. at 1:54-2:10. These solutions, however, increased both the cost and design 

complexity of the SSDs. Id.   

The ’740 Patent overcame this problem by providing a solution that optimizes memory 

operations in a solid state storage device while minimizing the amount of additional cost and 

complexity to the design of the device. Id. at 2:11-14. The ’740 Patent achieves this through an 

improved mapping table that “increas[es] the likelihood that, in response to an I/O transaction 

initiated by a host, the operational load imposed on the storage device by these memory operations 

will be optimally distributed across different storage device resources, such as by interleaving or 

parallel memory operations, reducing memory operation latency, increasing operational device 

efficiency, or both.” Id. at 2:14-21; 3:12-31. For example, the ’740 Patent describes a mapping 

table that includes a set of logical fields that represent a plurality of logical block address (LBA) 

sets. The mapping table also includes a set of physical block address (PBA) fields that represent a 

set of PBAs and access parameters for the PBAs, as well as information that associates the LBA 

sets with the PBA sets in a highly efficient manner. The mapping table enables the storage device 

to perform optimized memory operations on memory locations based on the information in the 

table regarding the relationship between the LBA and PBA sets and the access parameters. Id. at 

2:27-49. 
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A. “optimized memory operations” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’740 Patent 
Claim 1 

Plain and ordinary meaning; not indefinite. Indefinite. 

This phrase needs no construction because “optimized” is a term that is readily 

understandable to both a layperson as well as a POSITA. See Ex. 7 (The Authoritative Dictionary 

of IEEE Standards Terms (7th ed. 2000)) (“optimization: The procedure used in the design of a 

system to maximize or minimize some performance index. May entail the selection of a 

component, a principle of operation, or a technique”). In addition, Defendants do not argue that 

there is anything unclear about the term “memory operations.” The Court should therefore adopt 

a plain and ordinary meaning for “optimized memory operations.”  

Defendants’ indefiniteness argument lacks merit for several reasons. First, Defendants 

wholly ignore the discussion of this term in the file history of the ’740 Patent. During prosecution, 

the examiner initially rejected the applicants’ claims under 35 U.S.C. § 112, stating that “[t]he 

specification does not describe how the mapping table causes the storage device to perform 

optimized memory operation on memory location in such a way that is understood by one having 

ordinary skill in the art.” Ex. 8 (Office Action) at 2-3 (emphasis added). The applicants responded 

by arguing that “the Specification teaches how a ‘mapping table’ causes a ‘storage device to 

perform optimized memory operations,’” and cited to specific paragraphs in the specification 

disclosing different examples of such optimized memory operations. Ex. 9 (Reply and 

Amendment) at 17-23. The examiner agreed, finding that “[a]pplicant arguments regarding 

rejection of claims 1-40 under 35 U.S.C. 112, first paragraph is persuasive,” and allowed the claims 

to issue. Ex. 10 (Notice of Allowability) at 4. A POSITA reviewing the ’740 file history would 

therefore understand that “optimized memory operations” has a definite meaning based on the 

arguments presented by the applicants during prosecution and the examiner’s acceptance of those 

arguments. See Aladdin Mfg. Corp. v. Brumlow Mills, Inc., No. 4:19-cv-00058-WMR, 2020 WL 

9594314, at *8 (N.D. Ga. June 25, 2020) (term “not predictable” was not indefinite in light of 
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prosecution history where applicant overcame indefiniteness rejection by directing examiner to 

supporting portions of specification).   

 Defendants also incorrectly assert that the only example in the specification of “optimized 

memory operations” is “to map LBA sets to PBA fields such that memory transactions across 

multiple LBA sets can be conducted in parallel.” Defs. Br. at 20. In fact, the ’740 specification 

discloses multiple optimizations, such as contiguous arrangement of LBA sets (6:46-54, 6:63-7:2), 

adjacency between LBA sets (6:55-62), and adjacent PBAs differing by at least one access 

parameter (7:3-6). Each of these has benefits depending on the application, such as data coherency 

across sets or enabling parallelism. Id. at 7:9-14. Also, by varying which access parameters differ, 

a variety of interleaving types or parallel operations can be achieved. Id. at 7:9-18, 9:30-57. Thus, 

the examples in the specification are not limited to parallel memory operations, as argued by 

Defendants.  Defendants’ claim differentiation argument therefore fails because, contrary to 

Defendant’s position, the specification discloses more than one way to perform “optimized 

memory operations,” so there is no claim differentiation problem between claims 1 and 2.   

Defendants’ claim differentiation argument also fails because, even if different access 

parameters were required for “optimized memory operations,” claim 1 would not have the same 

scope as claim 2. Defendants ignore that claim 2 also includes the additional limitation “said first 

and second LBA sets are adjacent LBA sets,” which is not present in claim 1. Thus, claim 2 does 

not simply cover systems where the two access parameters are different. Rather, claim 2 also 

requires that the two LBA sets are adjacent. Thus, even under Defendants’ interpretation that 

different access parameters are required for “optimized memory operations,” the scope of claim 1 

is different from claim 2 because claim 2 is limited to optimized memory operations where LBA 

sets are adjacent, whereas claim 1 also covers optimized memory operations where LBA sets are 

non-adjacent. For example, in Figure 2, LBA sets 40 and 42 “are disposed in adjacent rows and 

thus are adjacent to each other.” ’740 patent, 6:61-62. That means that LBA sets 40 and 45, for 

example, are not adjacent, but they have different access parameters, as highlighted in red below: 
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Distributing memory operations across LBA sets 40 and 45 based on their different access 

parameters would therefore constitute “optimized memory operations” falling within the scope of 

claim 1, but not claim 2. Indeed, the specification specifically discusses an example of interleaving 

memory operations between these non-adjacent LBA sets “[u]sing different group identifiers, such 

as group identifiers 15-0 and 15-1 in mapping table 9 . . . .” ’740 Patent, 9:46-49. Thus, there is no 

claim differentiation problem.  

Furthermore, claim 2 also has a third additional limitation that “said LBAs from said first 

and second LBA sets are logical block addresses used by the host for addressing said data.” Since 

claim 2 adds multiple limitations beyond claim 1, claim differentiation is simply not applicable 

here. See Telemac Cellular Corp. v. Topp Telecom, Inc., 247 F.3d 1316, 1325-26 (Fed. Cir. 2001) 

(doctrine of claim differentiation has less force where dependent claim adds multiple limitations); 

Covidien LP v. Advanced Skeletal Innovations LLC, 81 F.Supp.3d 27, 37 (D.D.C. 2015) 

(“[W]here, as here, the dependent claim has multiple limitations, claim differentiation arguments 

are routinely discounted in claim construction analyses.”); Allergan Sales, LLC v. Lupin Ltd., No. 

2:11–CV–530–JRG, 2013 WL 4519609, at *6 (E.D. Tex. Aug. 21, 2013) (claim differentiation “is 
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less applicable, if at all, where other elements are present, differentiating one claim from 

another.”). 

 Finally, Defendants offer no expert testimony to support their assertions regarding what is 

taught in the ’740 specification. Defendants cannot meet their burden of proving indefiniteness by 

clear and convincing evidence absent such expert testimony, particularly in this case where the 

applicants explained “optimized memory operations” to the examiner during prosecution and the 

examiner accepted that explanation. See Williamson, 2017 WL 3232582, at *10 (defendant could 

not meet its burden on indefiniteness without expert opinion supporting its assertion that POSITA 

would not understand claim term “best suited” based on examples in specification); WesternGeco, 

876 F. Supp. 2d. at 875 (“Defendants’ unsupported attorney argument fails to prove indefiniteness 

by clear and convincing evidence.”); Cacace, 812 F. Supp. 2d at 561 (“[M]ere attorney argument 

is insufficient to establish invalidity based on indefiniteness.”). 

B. “optimally distributed” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’740 Patent 
Claim 32 

Plain and ordinary meaning; not indefinite. Indefinite. 

Defendants’ indefiniteness argument for “optimally distributed” fails for the same reasons 

that its indefiniteness argument for “optimized memory operations” fails. As discussed above, 

Defendants incorrectly assert that there is only one example of “optimized memory operations” in 

the ’740 specification. Rather, the specification discusses multiple examples of optimally 

distributing data operations across storage device resources based on, for example, particular 

arrangements of LBA sets and the varying of different access parameters. And during prosecution 

the applicants pointed out to the examiner, with specific reference to claim 32, the portions of the 

specification where examples of “optimally distributed” are taught. Ex. 9 (Reply and Amendment) 

at 21-23. A POSITA reviewing the ’740 patent and its file history would therefore understand with 

reasonable certainty the meaning of “optimally distributed.” 

Defendants incorrectly argue that claim 32 is indefinite because the claim could cover 
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optimal distribution where there is only a single set of LBAs. To the contrary, claim 32 includes 

the limitation “a mapping table which maps a first LBA set to a first PBA, and a second LBA set 

to a second PBA, said first and second LBA sets including respective sets of consecutive LBAs.” 

’740 patent, 13:36-39. On its face, then, claim 32 explicitly requires two sets of LBAs. Nor is there 

any claim differentiation issue comparing claim 32 with claim 34. Claim 34 simply specifies that 

the memory operations to be performed are “using said first PBA and . . . said second PBA,” 

whereas claim 32 leaves open the possibility that the mapping table is used for optimally 

distributing memory operations over other PBAs. 

C. “memory store” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’740 Patent 
Claims 1, 15, 32 

“non-volatile, solid-state storage, e.g., flash” Plain and ordinary 
meaning. 

 BiTMICRO’s proposed construction is consistent with the ’740 specification, which 

provides the following description of the “memory store”: 

Memory store 6 may be configured to include a set of solid state memory devices 
that are coupled to a set of buses and that are controlled by a set of FDEs. In FIG. 
1, these memory devices, buses, and FDEs are implemented in the form of flash 
memory devices 12-01 and 12-02; buses 8-0 and 8-1; and FDEs 22-01, 22-02, 22-
11, and 22-12, respectively. The term “flash memory device” is intended to include 
any form of non-volatile memory, including those that use blocks of nonvolatile 
memory cells, named flash blocks. 

’740 Patent, 4:54-62. The specification therefore equates “memory store” with solid-state storage, 

with flash as one example of such storage. 

 Defendants incorrectly argue that the phrase “may be configured” in this description means 

that the “memory store” can be a device other than solid-state memory. “May be configured” here 

refers to the possibility of different configurations of the solid-state memory in terms of the 

components they are connected to, such as the recited buses and FDEs; it does not refer to different 

types of memory devices that are not solid-state storage. 

Defendants also incorrectly rely on the language in this portion of the specification stating 

that “[t]he term ‘flash memory device’ is intended to include any form of non-volatile memory.” 
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’740 Patent, 4:59-62. Defendants argue that this “establishes that the claims are not limited to 

solid-state storage devices.” Defs. Br. at 24. This argument makes no sense, as the specification 

uses the term “solid state storage” interchangeably with “non-volatile memory.” ’740 Patent, 1:28-

32 (“Electronic storage devices . . . that use non-volatile memory cells are commonly known and 

are sometimes referred to as solid state storage devices.”). Thus, this portion of the specification 

supports BiTMICRO’s construction, not Defendants’.    

Defendants’ claim differentiation arguments also lack merit. Defendant cites to dependent 

claims 7, 8, 15, 17, and 19, but in all of those claims there are multiple additional limitations on 

top of the ones recited in claim 1, from which all of these claims ultimately depend. As discussed 

above, claim differentiation is inapplicable where a dependent claim adds multiple additional 

limitations. See Telemac, 247 F.3d at 1325-26; Covidien, 81 F.Supp.3d at 37; Allergan, 2013 WL 

4519609, at *6. 

Claims 15 and 32 also do not support Defendants’ argument. Claim 15 does not simply 

recite that it “includes a set of solid state memory devices.” Rather, the claim requires “a set of 

solid states memory devices that are coupled to a set of buses and that are controlled by a set of 

FDEs.” Likewise, claim 32 does not simply include “a set of flash devices,” but rather also requires 

that “said set of flash devices includes a first physical memory location and a second physical 

memory location that are addressable by said first and second PBAs respectively.” The “includes” 

language in these claims therefore does not leave open the possibility of other non-solid-state or 

non-flash devices being used as the “memory store.” Rather, this language leaves open the 

possibility that the “memory store” might have a different configuration than that recited in the 

claims. 

Finally, Defendants incorrectly rely on BiTMICRO’s contentions in its Complaint 

regarding the operation of Intel’s accused products. Those contentions were made long before the 

claim construction process, and before Intel had produced any technical documentation for its 

products. What BiTMICRO may have stated in earlier contentions without the benefit of discovery 

therefore has no bearing on claim construction.   
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V. ’190 PATENT 

Prior to the inventions in the ’190 Patent, memory controllers were designed to operate 

with memory locations and memory devices that all shared the same set of characteristics. Due to 

this limitation, there was no way of varying how a memory controller performed read and write 

operations on different memory locations or devices. The ’190 Patent overcame this limitation by 

disclosing and claiming a multi-profile memory controller that can operate differently with 

different memory locations and/or memory devices based on the attributes thereof. ’190 Patent 

(Ex. 11), 1:20-60. As described in the ’190 Patent, a memory store includes multiple addressable 

memory locations, and each location is associated with a set of memory attributes, which can 

include, for example, the type of memory device in which the memory location is located, the data 

size used by the memory device, or the memory protocol of the device. Id. at 2:63-3:1. These 

attributes are organized into device profiles that can be used by a memory controller connected to 

the memory store to determine how memory transactions are to be performed with each location. 

Id. at 3:14-4:25. By analyzing the requirements of the requested memory transaction and 

comparing those requirements to the device profiles, the memory controller selects the appropriate 

memory location for the memory transaction. The criteria used by the controller to select the 

optimal memory location for the memory transaction based on the stored attributes within the 

device profiles can be programmed in any number of ways. Id. at 7:60-9:48. For example, a 

memory controller may treat a portion of the device as a temporary cache memory to store data 

prior to writing the data to a permanent storage location. This eliminates the need for a separate 

memory cache, often composed of volatile memory. This has the additional advantage of 

maintaining the temporary data in the non-volatile cache partition in the event of an unexpected 

power loss. 

A. “optimal” 

Patent BiTMICRO’s Proposal Defendants’ Proposal 
’190 Patent  
Claims 1, 29, 45, 59, 80, 98 

Plain and ordinary meaning; not 
indefinite. 

Indefinite. 
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No construction of this term is necessary. The term “optimal” is an ordinary word that both 

laypersons and POSITAs will readily understand,8 whose meaning is clear from the context in 

which it used in the claims—i.e., “wherein said first device profile is optimal for a data type subject 

to a memory transaction, wherein said data type comprises one of a random data type or a 

sequential data type.” ’190 Patent, Cls. 1, 29, 45, 59, 80, 98. Other claim limitations make clear 

the “first device profile represent[s] a first set of attributes of said first memory location,” while a 

“second device profile represent[s] a second set of attributes of [a] second memory location, and 

a difference exists between said first and second device profiles.” Id., Cl. 1. In other words, the 

attributes of the first memory location are better for a data type than the second memory location, 

where the data type is either random or sequential.  

The plain meaning of this term is consistent with the specification, which, Defendants 

admit, “notes a ‘multi-profile’ memory controller can ‘support[] memory locations that have 

different device profiles’ that are optimal for different data types” and “‘[o]ne target memory 

location’ ‘is optimal for the type of data subject to a memory transaction request,’ while ‘another 

memory location’ ‘is associated with another device profile that is optimal for the type of data 

subject to another memory transaction request.’” Defs. Br., at 28 (citing ‘190 Patent, 9:7-16). As 

Defendants also admit, the specification also provides examples—almost an entire column of 

disclosure—of how that determination could be made, including but not limited to, “the largest 

available” block size attribute for sequential data types, the “smallest available” block size attribute 

for random data types, and “partial page size attribute” “at most equal” to “the data size of the 

data” being written for random data types. Defs. Br., at 28 (citing ‘190 Patent, 9:16-43).  

In view of these admissions, Defendants’ request that this Court invalidate all 101 claims 

in the ’190 Patent (which has been cited by, e.g., SanDisk, Micron, Western Digital, and 

Microsoft), on the grounds that this term is indefinite should be dismissed out of hand. For 

 
8 Ex. 7 (The Authoritative Dictionary of IEEE Standards Terms (7th ed. 2000)) (“optimization: 
The procedure used in the design of a system to maximize or minimize some performance index. 
May entail the selection of a component, a principle of operation, or a technique”). 
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example, Defendants claim “it is unclear from the specification what criteria would make a device 

profile optimal for a particular data type,” but that is contradicted by the many examples of such 

criteria they admit are in the specification, such as block size and partial page size. Defs. Br., at 28 

(citing ‘190 Patent, 9:16-43).  

Furthermore, as noted in the Background of the ’190 specification, “[f]lash memory 

devices that have a relatively large block size generally provide better sequential memory access 

performance than flash memory devices that use smaller block sizes.” ’190 Patent, 1:27-31. Large 

block size, however, creates problems for random data because “it suffers from . . . higher random 

memory access latency and lower random IOPS (input/output operations per second).” Id. at 1:38-

43. In other words, a device profile that has a larger block size attribute is more “optimal” for 

sequential data than random data, and vice versa. The specification therefore provides ample 

guidance for a POSITA to understand how to determine whether a device profile is “optimal” for 

the two recited data types of random and sequential data.  

Defendants complain that the specification states that the example device profiles in 

column 9 are not limiting, but comprehensiveness is not a requirement for definiteness. After all, 

definiteness is evaluated from the perspective of someone skilled in the art. Nautilus, 572 U.S. at 

909. And Defendants have not put forward any evidence that a POSITA would have any trouble 

understanding the metes and bounds of this invention. See Williamson, 2017 WL 3232582, at *10 

(defendant could not meet its burden on indefiniteness without expert opinion supporting its 

assertion that POSITA would not understand claim term “best suited” based on examples in 

specification); In re Bill of Lading Transmission and Processing Sys. Patent Litig., MDL No. 1:09-

md-2050, 2013 WL 12248192, at *8-9 (S.D. Ohio Dec. 31, 2013) (term “optimize” not indefinite 

because Background and Summary of the Invention sections of the specification provided 

sufficient teaching of when load optimization occurs). Accordingly, this term is not indefinite.9 

 
9 The IV cases cited by Defendants are inapposite.  In both, the critical reason in finding terms 

(continued...) 
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VI. ’084 AND ’694 PATENTS 

The ’084 and ’694 Patents describe methods and systems for efficiently, reliably, and 

securely booting and initializing an embedded system directly from a storage device. See ’084 

Patent (Ex. 12), 1:31-55; ’694 Patent (Ex. 13), 1:29-53. The claimed inventions do so by using a 

power-on reset (POR) sequencer descriptor, or portion thereof, stored in nonvolatile memory of 

the embedded system. A POR sequencer descriptor may contain data necessary for setting up the 

configuration registers and managing other initialization processes. When the system is powered 

on, the POR sequencer attempts to retrieve a POR sequencer descriptor from nonvolatile memory, 

transfers it to RAM, and optionally performs an integrity check to determine if there are any errors. 

It then uses the POR sequencer descriptor to, among other things, initialize the configuration 

registers as well as coordinate further data transfers for the initialization process—using DMA 

descriptors and DMA controllers of the system. See ’084 Patent, 2:13-4:4; ’694 Patent, 2:10-4:2.   

A. “Direct Memory Access (DMA) descriptors” / “DMA controller descriptor” 

Patent BiTMICRO’s Proposal Intel’s Proposal 
’084 Patent: Claims 1, 19 
’694 Patent: Claims 1, 6, 12 

Plain and ordinary 
meaning. 

“data structure including at least a 
source and destination address and 
byte count” 

No construction of this term is necessary. The subsidiary components—“Direct Memory 

Access (DMA),” “DMA controller,” and “descriptor” are all ordinary terms that POSITAs would 

readily understand,10  as is the relationship between those components—specifically, “DMA” 

and/or “DMA controller” modifies “descriptor,” and thus the plain meaning is “a descriptor that 

 

like “optimiz[ing] . . . QoS” indefinite is that the specification specifically said that QoS was “a 
relative term, finding different meanings for different users.”  Intellectual Ventures I LLC v. T-
Mobile USA, Inc., 902 F.3d 1372, 1381 (Fed. Cir. 2018); see also Intellectual Ventures I LLC v. 
T-Mobile USA, Inc., No. 2:17-CV-00577-JRG, 2018 WL 5809267 (E.D. Tex. Nov. 6, 2018). 
Here, there is no suggestion, much less admission, that the “optimal” profile for a data type has 
“different meanings for different users,” or that a POSITA would have difficulty with the term. 
 
10 See e.g., Ex. 14 (Merriam Webster’s Collegiate Dictionary (10th ed. 1999)) (“descriptor: a 
word or phrase (as an index term) used to identify an item (as a subject or document) in an 
information retrieval system”); Ex. 15 (Microsoft Computer Dictionary (5th ed. 2002)) 
(“descriptor: 2. In programming, a piece of stored information used to describe something else, 
often in terms of structure, content, or some other property”). 
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may be used in a DMA process / by a DMA controller.” Foty Decl. ¶¶ 12-16. Intel’s paid expert 

admits that DMA descriptors are known to ordinary embedded systems designers and can take a 

variety of formats—but attempts to impose improper format limitations anyway, untethered to any 

intrinsic evidence, in pursuit of non-infringement positions.  

The plain meaning of the terms is consistent with how descriptors are used in the claims 

and specification, providing information to the DMA controller to, e.g., identify and fetch data.  

’084 Patent ’694 Patent 
10. An apparatus, comprising: 
      an embedded system configured to release 
components of the embedded system from reset; 
      wherein the embedded system comprises a 
power-on reset (POR) sequencer configured to 
detect a (POR) sequencer descriptor in a 
nonvolatile memory, [….] 
      wherein the POR sequencer descriptor 
comprises information to initialize configuration 
registers of the embedded system, Direct 
Memory Access (DMA) descriptors used to 
fetch other POR sequencer descriptor 
fragments, and a system firmware; […] 
15. The apparatus of claim 10, wherein the 
components comprises a processor bus, a reset 
controller, a direct memory access (DMA) 
controller, a storage device controller, a RAM 
controller, nonvolatile memory controller, and a 
POR sequencer. 

1. An apparatus, comprising: 
      an embedded system comprising one or more 
processors, a reset controller, a storage device controller, 
one or more direct memory access (DMA) controllers, a 
random access memory (RAM) and a memory controller, 
a nonvolatile memory and a nonvolatile memory 
controller, a debug interface, and 
      a power-on reset (POR) sequencer configured to 
detect, in the nonvolatile memory, a descriptor used in a 
boot process and configured to copy the descriptor from 
the nonvolatile memory to the RAM, 
      […] 
      wherein the POR sequencer descriptor includes 
register information and DMA controller descriptors, and 
      wherein the POR sequencer reads and uses the 
register information to update configuration registers of 
the embedded system. 
3. The apparatus of claim 1, wherein the POR sequencer 
loads DMA descriptors to the DMA controllers. 

See ’084 Patent, Cls. 1, 6, 10, 15, 19; ’694 Patent, Claims 1, 3-4, 6, 8, 10, 12-13; Foty Decl. ¶¶ 17-

18. The specification discloses, for example, an apparatus comprising “at least one direct memory 

access (DMA) controller which initiates and tracks data transfers”, where “[t]he POR Sequencer 

descriptor contains … direct memory access (DMA) controller descriptors,” and “[t]he DMA 

descriptors are loaded … to the DMA controllers of the system.” ’084 Patent, 2:40-60, 4:52-53, 

5:3-23, 6:1-8. The specification does not specify a particular format for descriptors. See, e.g., id., 

2:52-54, 2:61-65 (“not limited to a single data structure”); Ex. 16 (Alpert Dep. Tr. (rough)) at 23:6-

24:7, 32:22-33:25. It does, however, describe in detail the use of descriptors in the claimed system. 

See, e.g., ’084 Patent, 3:28-60, 7:19-8:24, Figs. 7-8; Foty Decl. ¶ 19. 

Intel has not, and cannot, overcome the “heavy presumption” that this term carries its plain 
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and ordinary meaning, much less justify importing Intel’s litigation-driven limitations—requiring 

a specific “byte count,” or that every descriptor have both a source and destination address. CCS 

Fitness, Inc. v. Brunswick Corp., 288 F.3d 1359, 1366 (Fed. Cir. 2002); Phillips v. AWH Corp, 

415 F.3d 1303, 1312 (Fed. Cir. 2005). Those limitations do not appear in the specification at all. 

See ’084 Patent; Foty Decl. ¶ 21; Ex. 16 at 25:5-22.11 Intel’s argument relies instead entirely on 

selectively curated extrinsic evidence in the form of a declaration from its expert, Dr. Alpert. Defs. 

Br. at 31-32. But Intel has not provided any reason for the Court to resort to extrinsic evidence. 

And anyway, Dr. Alpert fails to support the proposed constructions. For example, even if 

a length parameter were always called for—setting aside cases where the transfer length is fixed 

and thus need not be specified in the data structure—there is no support for limiting to a “byte 

count.” Foty Decl. ¶ 22. Indeed, Dr. Alpert agreed the length could be a word count or double-

word count (46:3-47:21), a sector count (48:15-24, 49:20-50:6), a variable-sized chunk count 

(98:20-99:4), or even just an arbitrary “size” or “length” (50:7-15). Ex. 16. Only jury confusion 

could arise from specifying a count, “byte” or otherwise, here.    

Similarly, Dr. Alpert fails to show why the claims should be limited such that every 

descriptor must have both a source and destination address. For example, he agreed that in many 

situations, one side of the transfer always goes to/from the same fixed place. Ex. 16 at 26:14-30:2 

(always to same port), 38:8-39:6 (always start at first word), 51:21-53:23 (fixed FIFO location). 

This makes specifying an address in the descriptor practically redundant. Indeed, his own extrinsic 

evidence citations give an example where “we specify either the source or the destination, 

depending on the direction of the transfer.” Alpert Decl., Ex. D at 218 (emphasis added); Ex. 16 

at 54:4-55:6, 59:6-60:23. And BiTMICRO’s expert, Dr. Foty, confirms that DMA descriptors do 

not need to include both a “source address” and a “destination address.” Foty Decl. ¶¶ 23-25. 

Dr. Alpert was shown other extrinsic examples from Intel’s own use of DMA descriptors: 

 
11 Dr. Alpert mentions a cited “related art” reference that mentions “source and target device 
addresses and an initial transfer length.” Alpert Decl. ¶18. But there is no reason given, and it 
would be error, to limit claims to this one example indirectly referenced in the specification—
the famous “cardinal sin” of claim construction. Phillips, 415 F.3d at 1320. 
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where one address was always set to zero (Ex. 16 at 62:1-64:20, 68:20-69:6; Ex. 17 (Intel 

Embedded Peripherals IP User Guide) at 27, 421-422, 453);  

 

 

 

 Dr. Alpert 

disclaimed understanding or opinion about these examples from Intel’s use.  Ex. 16 at 85:4, 88:1-

7; 105:2-109:13. But his willingness to opine about extrinsic examples that support Intel’s 

improper limitation but not examples that contradict it merely highlights why resort to such 

evidence is disfavored—when, as here, there is an acknowledged plain meaning consistent with 

the claims and descriptions of the patents. 

VII. CONCLUSION 

BiTMICRO respectfully requests that the Court adopt BiTMICRO’s proposed 

constructions and decline Defendants’ invitation to improperly limit the claims or invalidate them 

for indefiniteness. 

 
Dated: November 30, 2022 Respectfully submitted, 
 

/s/ Michael Flynn-O’Brien  
Denise M. De Mory (Pro Hac Vice) 
California State Bar No. 168076 
Corey Johanningmeier (Pro Hac Vice) 
California State Bar No. 251297 
Richard C. Lin (Pro Hac Vice) 
California State Bar No. 209233 
Michael Flynn-O’Brien (Pro Hac Vice) 
California State Bar No. 291301 
Bunsow De Mory LLP 
701 El Camino Real 
Redwood City, CA 94063 
(650) 351-7241 Telephone 
(415) 426-4744 Facsimile 
ddemory@bdiplaw.com 
cjohanningmeier@bdiplaw.com 
rlin@bdiplaw.com 
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CERTIFICATE OF SERVICE 

The undersigned hereby certifies that a true and correct copy of the above and foregoing 

document, as well as the supporting declarations and exhibits cited therein, have been served on 

November 30, 2022 to all counsel of record by electronic means to the email addresses for all 

counsel of record. 

/s/ Michael Flynn-O’Brien  
Michael Flynn-O’Brien (Pro Hac Vice) 
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I. INTRODUCTION 

1. I submit this expert declaration in support of Plaintiff BitMicro Inc.’s (“BitMicro”) 

Responsive Brief Regarding Claim Construction regarding how certain terms should be construed 

by the Court.  This expert declaration also serves as a rebuttal to certain aspects of Defendants’ 

Opening Claim Construction Brief and the supporting declaration from Dr. Donald Alpert. 

2. In the preparation of this declaration, I have confined my analysis to the materials 

and opinions that were available at the time of the preparation of this declaration – supplemented 

with my own knowledge and experience in the field.  Should new materials, analyses, or opinions 

be introduced subsequent to the filing of this declaration, I reserve the right to provide 

supplementary declarations to the extent necessary to address any such newly-introduced items.  

3. I am being compensated for my work in this matter at my standard hourly rate of 

$400 for consulting services.  My compensation in no way depends on the outcome of this litigation. 

II. QUALIFICATIONS 

4. I have more than thirty years of experience as an engineer, scientist, and consultant 

in the electronics industry, including in the areas of electronics technology, circuit design/analysis, 

data structure/transfer, and wireless communications. I have authored or co-authored four books 

and some sixty papers (published in refereed journals and refereed conference proceedings), mostly 

on various aspects of electronics technology, semiconductor technology, and RF/wireless 

technology. I have also given some eighty lectures and presentations at various conferences and 

other similar fora, and I have given keynote talks on next-generation wireless technologies at a 

variety of conferences and events throughout the world.  I have also served extensively as an expert 

witness in a wide variety of matters over the past 20 years. 

5. I have reviewed the ’084 patent and the ’694 patent; I am familiar with the subject 

matter of these patents, and they are within the scope of my education and professional experience.  
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I am familiar with the relevant technologies and associated issues – which involve memory, CPUs, 

peripheral devices, and related technologies, which include but are not limited to computer systems. 

6. My qualifications to testify as an expert in this matter are set forth in my curriculum 

vitae attached as Exhibit A, including a listing of cases in which I have provided expert testimony.   

III. MATERIALS CONSIDERED  

7. In preparing this declaration and formulating my opinions and conclusions, I have 

considered, along with my expertise, knowledge, and experience, the information referenced in this 

declaration, in Defendants’ Opening Claim Construction Brief, and in the declaration of Dr. Donald 

Alpert.  I have also considered the public portions of the deposition transcript of Dr. Donald Alpert. 

IV. LEVEL OF ORDINARY SKILL IN THE ART 

8. I understand that patent claims are viewed from the perspective of a Person of 

Ordinary Skill in the Art (POSITA) at the time of the invention.  I understand that the relevant 

factors to consider in determining the level of ordinary skill in the art include at least the following: 

(1) the type of problems encountered in the art; (2) the prior art solutions to those problems; (3) the 

rapidity with which innovations are made; (4) the sophistication of the technology; and (5) the 

educational level of workers in the field. 

9. I understand that to date there is only once instance where the Defendants have 

offered a proposal as to what is deemed to constitute a POSITA in this matter.  I further understand 

that this proposal appears in Dr. Alpert’s declaration – and that it applies only to the ’084 and ’694 

patents, and not to any of the other patents at issue in this litigation.  In particular, I understand that 

Dr. Alpert has opined that at the time of the ‘084 and ’694 patents, a POSITA “would have had a 

bachelor’s degree in electrical engineering or computer engineering and at least two years of 

experience working in the field of embedded system design, including booting of such systems, or 

an equivalent combination of education, work, and/or experience” and that his opinion would 
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remain unchanged regardless of whether the relevant date is that of the filing of the ’084 and ’694 

patents (March 17, 2014) or the provisional applications that led to the patents (March 15, 2013).  

10. To the extent that Defendants propose this definition of a POSITA more broadly 

than for the ’084 and ’694 patents, I would disagree with it – since, as just noted, it clearly applies 

only to the ’084 and ’694 patents, and includes elements which are not present in the other patents. 

11. Nevertheless, for the purposes of the ’084 and ’694 patents and this declaration 

only, I have assumed and adopted Dr. Alpert’s definition of the level of ordinary skill in the art – 

and I am qualified as a POSITA under that definition.  

V. DISPUTED TERMS OF ’084 AND ’694 PATENTS  

A. “Direct Memory Access (DMA) descriptors” / “DMA controller descriptor” 

Patent BiTMICRO’s Proposal Intel’s Proposal 
’084 patent: Claims 1, 19 
’694 patent: Claims 1, 6, 12 

Plain and ordinary 
meaning. 

“data structure including at least a 
source and destination address and 
byte count” 

 
12. In my opinion a POSITA would understand this term in the context of the patent 

and no construction is required for this term. The individual components of this term — “Direct 

Memory Access (DMA),” “DMA controller,” and “descriptor”—are all ordinary terms that any 

POSITA (at the time of the patents) would have readily understood; further, a POSITA would also 

have understood the relationship between these components in this term. 

13. The term “DMA” is well-known in the art.  DMA is an acronym for “Direct 

Memory Access,” and is a well-known method of transferring data to-or-from memory without 

passing the request for that transfer through a central-processing unit (CPU); rather, data are written 

to memory or read from memory via direct access between a sub-system of some sort and the 

memory.  See e.g., Ex. 21, Dictionary of Technical Terms, https://techterms.com/definition/dma; 

Ex. 15, Microsoft Computer Dictionary (5th Ed. 2002).  This, of course, is a simpler and faster way 
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of moving data from one place to another – as the data pass directly from one place to another 

without having to pass through the CPU as an intermediary, and CPU resources are freed-up by not 

involving the CPU in this transaction. 

14. The term “descriptor” is also well-known.  A descriptor is a piece of stored 

information that is used to describe or refer to or retrieve something else involving a memory 

system.  See e.g., Ex. 15, Microsoft Computer Dictionary (5th Ed. 2002) (“In programming, a piece 

of stored information used to describe something else, often in terms of structure, content, or some 

other property”); Ex. 14, Merriam Webster’s Collegiate Dictionary (10th Ed. 1999) (“descriptor: a 

word or phrase (as an index term) used to identify an item (as a subject or document) in an 

information retrieval system”); Ex. 20, American Heritage Dictionary (5th Ed. 2016), available at 

https://www.thefreedictionary.com/descriptor (“Computers. A word, phrase, or alphanumeric 

character used to identify an item in an information storage and retrieval system.”).  This confirms 

that the term “descriptor,” in the way that it is used in the ‘084 and ‘694 patents, was well-known 

in the art at the time of the patents, and would have been known to a POSITA. 

15. Combining the above analysis (of “DMA” and of “descriptor”), in the ‘084 and 

‘694 patents this term contains the noun “descriptor”, modified by the adjective “DMA”.  In other 

words, “DMA” and/or “DMA controller” modifies “descriptor,” and thus the plain meaning of the 

term is “a descriptor that may be used in a DMA process [and/or] by a DMA controller.” 

16. I note that the claim term “DMA descriptor” appears numerous times in each patent;  

there are 30 instances (including in the figures and the claims) in the ‘084 patent (as “DMA 

descriptor), while in the ‘694 patent there are 33  instances (including in the figures and the claims) 

of “DMA descriptor” and 14 instances of “DMA controller descriptor” (including in the claims) in 

the ’694 patent.  The patentee provides no explicit definitions of either “descriptor” or “DMA 

Case 6:22-cv-00335-ADA   Document 44-1   Filed 12/16/22   Page 6 of 50

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



5 

descriptor” or “DMA controller descriptor”; this confirms that the patentee (correctly) regarded this 

term as being well-known in the art, and not in need of a further detailed explanation.   

17. Further, the plain meaning of the terms is consistent with how they are used in the 

claims and the specifications of the ‘084 and ‘694 patents; that is, they provide information to the 

DMA controller to, e.g., identify and fetch data.  Consider, for example, Claims 10 and 15 of the 

’084 Patent, excerpted below.  

10. An apparatus, comprising: 

an embedded system configured to release components of the embedded system from 
reset; 

wherein the embedded system comprises a power-on reset (POR) sequencer configured to 
detect a (POR) sequencer descriptor in a nonvolatile memory,  

[….] 

wherein the POR sequencer descriptor comprises information to initialize configuration 
registers of the embedded system, Direct Memory Access (DMA) descriptors used to 
fetch other POR sequencer descriptor fragments, and a system firmware;  

[…] 

15. The apparatus of claim 10, wherein the components comprises a processor bus, a reset 
controller, a direct memory access (DMA) controller, a storage device controller, a 
RAM controller, nonvolatile memory controller, and a POR sequencer. 

’084 Patent, Cls. 10, 15; see also id. Cls. 1, 6, 19; emphases added.  

18. Also consider Claims 1 and 3 of the ‘694 Patent, excerpted below. 

1. An apparatus, comprising: 

an embedded system comprising one or more processors, a reset controller, a storage 
device controller, one or more direct memory access (DMA) controllers, a random 
access memory (RAM) and a memory controller, a nonvolatile memory and a nonvolatile 
memory controller, a debug interface, and 

a power-on reset (POR) sequencer configured to detect, in the nonvolatile memory, a 
descriptor used in a boot process and configured to copy the descriptor from the 
nonvolatile memory to the RAM, 

[…] 

wherein the POR sequencer descriptor includes register information and DMA controller 
descriptors, and 
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wherein the POR sequencer reads and uses the register information to update 
configuration registers of the embedded system. 

3. The apparatus of claim 1, wherein the POR sequencer loads DMA descriptors to the 
DMA controllers. 

’694 Patent, Claims 1, 3-4, 6, 8, 10, 12-13; emphases added.  The usage of this term in the claims 

comports with the earlier discussion of the plain and ordinary meaning of this term. 

19. Likewise, the terms are used consistently in the specification.  For example, the 

specification discloses an apparatus comprising “at least one direct memory access (DMA) 

controller which initiates and tracks data transfers”, where “[t]he POR Sequencer descriptor 

contains … direct memory access (DMA) controller descriptors,” and “[t]he DMA descriptors are 

loaded … to the DMA controllers of the system.” ’084 Patent, 2:40-60, 4:52-53, 5:3-23, 6:1-8.  The 

specification does not specify a particular format for descriptors (id., 2:52-54, 2:61-65 (“not limited 

to a single data structure”)), though it does describe their use.  Id., 3:28-60, 7:19-8:24, Figs. 7-8. 

20. I have also reviewed Defendants’ proposed construction and the reasoning they 

have provided for that construction.  I have found that reasoning to be deficient for multiple reasons. 

21. First, the limitations written into Defendants’ proposed construction appear in 

neither the specification of the ’084 and ’694 patents nor in the dictionary definitions of the terms.  

Rather, among other things, they describe how the descriptors are used – such as that the DMA 

descriptors “are loaded by the POR Sequencer” to the DMA controllers of the system. See e.g., ’084 

Patent, at 2:31-42, 2:56-58, 3:36-60, 5:3-4, 6:44-46, 6:52-55, 7:29-37, 7:41-50, 7:63-66, 8:3-9. 

22. Second, I disagree with Defendants’ unjustified conclusion that “‘DMA descriptor’ 

or ‘DMA controller descriptor,’ as used in the claims of the ’084 and ’694 patents, is a data structure 

that includes a source address, a byte count, and a destination address.” Defendants’ Opening Claim 

Construction Brief at 32.  Of particular note, I do not agree that every “DMA descriptor” would 

include a “byte count.”  That limitation does not appear in the patent specification.  Intel’s only 
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support for the injection of the term “byte count” appears to be paragraph 15 of Dr. Alpert’s 

declaration; however, in that paragraph, Dr. Alpert himself uses the phrase “the size of the data/code 

to be transferred, i.e., how many bytes to be transferred,” while quoting a reference that states “size 

of the data.”  Neither instance uses the term “byte count,” and it is unclear a) what he means by 

“byte count” and b) how (or if) “byte count” and “size of the data” are the same thing.  Furthermore, 

even though Dr. Alpert does not specifically cite the passage, the phrase “byte count” does appear 

on p. 21 of the extrinsic reference that he has cited; however, this occurs solely in one particular 

instance on a roster of four instances of what the reference calls “four basic types of DMA” – and 

does not occur in the other three instances on that roster.  

23. Nor would every “DMA descriptor” necessarily include both a “source address” 

and a “destination address.”  Indeed, the evidence provided by Dr. Alpert describes cases of DMA 

data transfers that do not require (and thus do not use) both a source address and a destination 

address.  In particular, “With a peripheral DMA, we specify either the source or the destination, 

depending on the direction of the transfer.”  D.I. 36-2, Ex. D at 218; emphasis added.  This is 

consistent with one of the dictionary definitions for DMA that was presented earlier, which 

described DMA as involving “data transfer directly between memory and an ‘intelligent’ peripheral 

device.” Ex. 15, Microsoft Computer Dictionary (5th Ed. 2002).  The reason that, when a peripheral 

is involved, “we specify either the source or the destination, depending on the direction of the 

transfer” is because only one side of that transfer (the non-peripheral side) requires the use of an 

address.  Many peripherals do not require the use of an address because they operate serially; the 

data are provided serially – and if a FIFO buffer is included, this can be done in a very fast burst 
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mode.1   Contrary to Defendants’ proposed construction, this type of DMA transfer does not include 

both a source address and a destination address in the DMA descriptor. 

24. In addition, Intel’s documentation for its own embedded systems is consistent with 

this description of particular use cases of DMA descriptors. 

In memory-to-stream configurations, the DMA read block reads 
from the source address and transfers the data to the core’s streaming 
port until the specified number of bytes are transferred or the end of 
packet is reached. The block uses the end-of-packet indicator for 
transfers with an unknown transfer size. For data transfers without 
using the end-of-packet indicator, the transfer size must be a 
multiple of the data width. Otherwise, the block requires extra logic 
and may impact the system performance. 
 
In stream-to-memory configurations, the DMA write block reads 
from the core’s streaming port and writes to the destination address. 
The block continues reading until the specified number of bytes are 
transferred. 
 

Ex. 17 (Intel Embedded Peripherals IP User Guide) at 415.  “Memory to stream” and “stream to 

memory” are the same situations as those described just above – where one side of the transfer is a 

memory, the other side is not a memory.  Further, 

 
 

Ex. 17 (Intel Embedded Peripherals IP User Guide) at 422.  As described above, no address is to 

be provided for the non-memory side, as this is unnecessary (and meaningless); thus, the address 

 
1 See e.g., Ex. 22, Warren Miller, “Using Intelligent Peripherals to Improve CPU Efficiency,” Digi-
Key, dated Apr. 16, 2014, available at https://www.digikey.com/en/articles/using-intelligent-
peripherals-to-improve-cpu-efficiency (“The use of dedicated FIFO buffers integrated into high-
speed peripherals, such as Ethernet and USB, provides an additional level of autonomy from the 
CPU since transfers can be staged and handled, perhaps via DMA, in a single burst to improve 
efficiency.”) (Note that the acronym USB stands for “Universal Serial Bus.”). 
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is simply set to zero (0).  Finally, this document also states (and makes clear) that the “Avalon-ST 

interface” provides a FIFO buffer for use in the manner that was just described above: 

The Avalon Streaming (Avalon-ST) Multi-Channel Shared Memory 
FIFO core is a FIFO buffer with Avalon-ST data interfaces. 
 

Ex. 17 (Intel Embedded Peripherals IP User Guide) at 27. 
 

25. Thus, Intel’s embedded systems operate in a manner that is consistent with the plain 

and ordinary meaning – but which is inconsistent with Defendants’ proposed construction. 

26. For these reasons, I disagree with Defendants’ proposed construction of “DMA 

descriptors” and “DMA controller descriptors.”  As shown here, the plain and ordinary meaning is 

sufficient. 

 

 

 
Date: November 30, 2022         

Daniel P. Foty, Ph.D. 
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DANIEL FOTY, Ph.D. 

 

 

SUMMARY 

 

Dr. Foty has more than 30 years of engineering and management experience in the 

mainstream of the technology industry.  During this time, he has worked in semiconductor 

physics, device design, process integration, modeling/simulation (process, device, and 

circuit), circuit design/analysis, and wireless communications.  After seven years at the 

microelectronics unit of IBM, he founded his own consulting firm, Gilgamesh Associates, 

LLC, which works in very demanding areas of technology design and development such 

as analog, mixed-signal, RF, signal processing, wireless communications, and ultra-low-

power design. 

 

Dr. Foty is also an advisor to the Tallinn University of Technology (Estonia) and the 

University of Pretoria (South Africa).  He is also the author of MOSFET Modeling with 

SPICE: Principles and Practice, the more-recent Moore’s Law: The Untold Story, and 

several other books.  He has also authored well over 100 journal articles and conference 

presentations, and is a frequent plenary (keynote) speaker at major international 

conferences throughout the world.  He is also a licensed pilot and aircraft owner, possesses 

both an instrument rating and a seaplane rating, and is a registered “angel pilot” with 

Patient Airlift Services. 

 

Expertise 

 

• Analog/Mixed-Signal/RF CMOS 

• CMOS Integrated Circuit Design 

• IC Modeling/Simulation 

• CMOS Technology and Process Integration 

• Semiconductor Manufacturing/Fabrication 

• Nanotechnology  

• Design Automation (EDA) Software 

• Semiconductor Memory (DRAM, SRAM, Flash) 

• Semiconductor Physics 

• RF/Radio Technology, Wireless Networks, and Wireless Communications 

• Power Management 

• Digital Communications, Signal Integrity, and Electromagnetic Interference 

• Cryogenic Electronics 
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Daniel Foty, Ph.D. 

Curriculum Vitae  Page 2. 

PROFESSIONAL EXPERIENCE 

 

1994 to Present Gilgamesh Associates, LLC 

President 

 

• Analysis of analog/mixed-signal/RF CMOS circuits 

• New technologies in high-speed wireless data communications 

• Specialized process-design-kits (PDKs) for circuit design/simulation 

• Foundry interfacing for fabless IC design companies 

• Professional education via short courses and lectures 

• Litigation support in various aspects of the integrated circuit industry 

 

 

 

1988 to 1994  IBM Microelectronics Division 

Scientist/Engineer 

 

• Process integration, device design, semiconductor/IC physics 

• Process and device simulation; circuit simulation 

• Process and device integration for memory and logic technologies 

• Process-design-kits (PDKs) for circuit simulation 

• Spearheaded initial IBM foray into OEM foundry market; responsible for all 

"external customer" PDKs and support/interfacing; business grew from nothing to 

$66M in revenue in first year. 

 

 

 

 

EDUCATION 

 

Ph.D., Materials Science, University of Vermont, 2001 

MS, Electrical Engineering, University of Illinois, 1985 

BS, Physics and Chemistry, Bates College, 1983 
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LITIGATION RELATED EXPERIENCE 

 

Dr. Foty has served as a testifying expert, and provided declarations, expert reports, trial 

testimony, and arbitration-hearing testimony for cases that have touched on the complete 

spectrum of semiconductor/electronics engineering issues, electronic design automation 

software, wireless technology, contract interpretations and business processes, and prior 

art searches in both patents and the public-domain literature.  He has also served as a 

consulting expert.  Dr. Foty has been deposed some thirty times, and has testified at trial 

six times.  Below are matters in which he has written expert reports and given testimony 

either at deposition, trial, or before an arbitration panel. 

 

Type of Matter: Inter Partes review involving power conversion technology in 

solar power systems         

Law Firm:  Sheridan Ross LLP, Denver, Colorado 

Case Name: SolarEdge Technologies, Ltd. v. Koolbridge Solar, Inc. 

Represented: Patent holder 

Case Number:             IPR2022-00007, -00010, -00013 

Filing Date:                 10/11/2021, 10/11/2021, 10/8/2021 

Court:                          Patent Trial and Appeal Board 

Disposition: Prepared three declarations supporting the patent holder; deposed; 

ongoing.  

Date: June 2022 – present. 

 

Type of Matter: Patent infringement involving wireless communications 

technology         

Law Firm:  Folio Law Group, LLP, Seattle, Washington 

Case Name: Dali Wireless v. Corning 

Represented: Patent holder 

            Case Number:             6:20-cv-00827-ADA 

            Filing Date:                 10/22/2020 

            Court:                          US District Court District of the Western District of Texas 

Disposition: Prepared an expert report, deposed; ongoing. 

Date: November 2021 – present. 

 

Type of Matter: Patent infringement involving integrated circuit layout for 

lithographic control  

Law Firm:  Jones Day LLP, Chicago, Illinois 

Case Name: NXP Semiconductors v. Impinj 

Represented: Plaintiff 

Case Number:             2:20-cv-01503-RSM-SKV337-TA-1272 

Filing Date:                 10/7/2020 

Court:                          US District Court of the Western District of Washington,  

Disposition: Ongoing. 

Date: November 2021 – present. 
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Type of Matter: Patent infringement involving integrated circuit technology  

Law Firm:  Jones Day LLP, Washington DC (ITC matter) 

Case Name: MediaTek v. NXP Semiconductors 

Represented: Respondent 

Case Number:             337-TA-1272 

Filing Date:                 6/21/2021 

Court:                          International Trade Commission 

Disposition: Ongoing. 

Date: April 2021 – present. 

 

Type of Matter: Patent infringement involving portable vehicle battery jump 

starters 

Law Firm:  Fox Rothschild LLP, Philadelphia, Pennsylvania (ITC matter) 

Case Name: The Noco Company v. Deltran Global 

Represented: Respondent 

Case Number:             337-TA-1256 

Filing Date:                 1/19/2021 

Court:                          International Trade Commission 

Disposition: Prepared an expert report; deposed; plaintiff withdrew complaint 

against Deltran. 

Date: June 2021 – November 2021. 

 

Type of Matter: Patent infringement involving integrated circuit technology and 

signal integrity 

Law Firm:  Jones Day LLP, Chicago, Illinois 

Case Name: WSOU v. Xilinx 

Represented: Respondent 

            Case Number:             1:20-cv-01228-CFC; 1:20-cv-01229-CFC 

            Filing Date:                 09/16/2020 

Court:                          US District Court District of Delaware 

Disposition: Ongoing. 

Date: April 2021 – present. 

 

Type of Matter: Patent infringement involving wireless communications 

technology         

Law Firm:  Folio Law Group, LLP, Seattle, Washington 

Case Name: Dali Wireless v. JMA 

Represented: Patent holder 

            Case Number:             1:19-cv-02367-RGA 

            Filing Date:                 12/30/2019 

            Court:                          US District Court District of Delaware 

Disposition: Settled. 

Date: March 2021 – November 2021. 

 

Type of Matter: Patent infringement involving wireless communications 

technology         

Law Firm:  Folio Law Group, LLP, Seattle, Washington 
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Case Name: Dali Wireless v. Commscope 

Represented: Patent holder 

Case Number:             1:19-cv-00952 

Filing Date:                 5/22/2019 

Court:                          US District Court District of Delaware 

Disposition: Prepared an expert report; deposed; ongoing. 

Date: March 2021 – present. 

 

Type of Matter: Patent infringement involving integrated circuit technology (ITC 

matter)         

Law Firm:  Troutman Pepper LLP, Boston, Massachusetts 

Case Name: Tela v. Intel 

Represented: Patent holder 

Case Number:             337-TA-1246 

Filing Date:                 12/18/2020 

Court:                          International Trade Commission 

Disposition: Settled; this includes all prior disputes between the parties 

Date: March 2021 – April 2021. 

 

Type of Matter: Patent infringement involving wireless battery charging and 

discharging         

            Law Firm:  Feinberg Day Kramer Alberti Limtonkovich & Belloli LLP 

Case Name: Garrity Power Services v. Samsung 

Represented: Patent holder 

            Case Number:             2:20-cv-00269-JRG 

            Filing Date:                 08/17/2020 

            Court:                          US District Court Eastern District of Texas 

Disposition: Case dismissed by the Court 

Date: October 2020 – March 2022. 

 

Type of Matter: Inter Partes review involving wireless battery charging and 

discharging         

Law Firm:  Spencer Fane LLP, Plano, Texas 

Case Name: Samsung v. Garrity Power Services 

Represented: Patent holder 

Case Number:             IPR2021-00389 

Filing Date:                 12/31/2020 

Court:                          Patent Trial and Appeal Board 

Disposition: Prepared a declaration; PTAB denied institution.  

Date: October 2020 – July 2021. 

 

Type of Matter: Patent infringement involving MOS transistor design and MOS 

transistor manufacturing processes         

Law Firm:  Fish & Richardson LLP, Boston, Massachusetts 

Case Name: Innovative Foundry Technologies v. SMIC, Broadcom, Cypress 

Semiconductor, and Dish Network 

Represented: Respondents 
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            Case Number:             6:19-cv-00719-ADA 

            Filing Date:                 12/20/2019 

            Court:                          US District Court Western District of Texas 

Disposition: Settled 

Date: June 2020 – April 2021. 

 

Type of Matter: Patent infringement involving digital communications integrated 

circuit technology         

Law Firm:  Morrison & Foerster LLP, Los Angeles, California 

Case Name: Analog Devices v. Xilinx 

Represented: Respondent 

            Case Number:             1:19-cv-02225-RGA 

            Filing Date:                 12/05/2019 

            Court:                          US District Court District of Delaware 

Disposition: Ongoing. 

Date: April 2020 – present. 

 

Type of Matter: Patent infringement involving integrated circuit technology  

Law Firm:  Pepper Hamilton LLP, Boston, Massachusetts 

Case Name: Intel v. Tela 

Represented: Respondent 

Case Number:             3:18-cv-02848-WHO 

Filing Date:                 05/15/2018 

Court:                          US District Court Northern District of California 

Disposition: Prepared two expert reports; deposed; matter settled. 

Date: March 2019 – April 2021. 

 

Type of Matter: Patent infringement involving integrated circuit technology (ITC 

matter)    

Law Firm:                   Mintz, Levin, Cohn, Ferris, Glovsky and Popeo, P.C., Boston, 

Massachusetts      

Case Name: Globalfoundries v. TSMC 

Represented: Patent holder 

Case Number:             337-TA-1177 

Filing Date:                 08/26/2019 

Court:                          International Trade Commission 

Disposition: Settled. 

Date:                         August 2019 – October 2019. 

 

Type of Matter: Inter Partes review involving wireless/RF technology          

Law Firm:  Jones, Day LLP, Cleveland, Ohio 

Case Name: Intel v. Qualcomm 

Represented: Patent holder 

Case Number:             IPR2019-00128, IPR2019-00129, IPR2019-00047, IPR2019-

00048, IPR2019-00049 

Filing Date:                 11/8/2018 

Court:                          Patent Trial and Appeal Board 
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Disposition: Prepared five declarations supporting patent owner responses; 

deposed; PTAB upheld all challenged claims of the patent as valid. 

Date: June 2019 – July 2020. 

 

Type of Matter: Patent infringement involving integrated circuit technology  

Law Firm:  Pepper Hamilton LLP, Boston, Massachusetts 

Case Name: Tela v. Intel 

Represented: Patent holder 

Case Number:             337-TA-1148 

Filing Date:                 12/19/2018 

Court:                          International Trade Commission 

Disposition: Prepared two declarations supporting claim construction; prepared 

an expert report; deposed; testified at the hearing/trial in December 

2019. 

Date: March 2019 – December 2019. 

 

Type of Matter: Patent infringement involving RF/wireless technology  

Law Firm:  Quinn Emanuel Urquhart & Sullivan LLP, New York, New York 

Case Name: Qualcomm v. Apple 

Represented: Patent holder 

            Case Number:             3:17-cv-02402-CAB-MDD 

            Filing Date:                 12/29/2017 

Court:                          US District Court Southern District of California 

Disposition: Settled. 

Date: January 2018 – December 2018. 

 

Type of Matter: Patent infringement involving RF/wireless technology  

Law Firm:  Quinn Emanuel Urquhart & Sullivan LLP, New York, New York 

Case Name: Qualcomm v. Apple 

Represented: Patent holder 

Case Number:             337-TA-1093 

Filing Date:                 7/7/2017 

Court:                          International Trade Commission 

Disposition: Prepared two expert reports regarding RF-IC/wireless technology; 

deposed; testified at the hearing/trial in September 2018. 

Date: January 2018 – September 2018. 

 

Type of Matter: Patent infringement involving integrated circuit technology and 

printed-circuit board technology         

Law Firm:  Dovel and Luner, LLP, Santa Monica, California 

Case Name: X2Y v. Intel 

Represented: Patent holder 

Case Number:             3:18-cv-01394-HZ 

Filing Date:                 07/25/2018 

Court:                          US District Court District of Oregon 

Disposition: Prepared a declaration supporting claim construction; deposed; 

case settled. 
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Date: June 2017 – December 2019. 

 

Type of Matter: Patent infringement involving integrated circuit technology        

Law Firm:  Jones, Day LLP, San Francisco, California, and Slater Matsil LLP,  

Dallas, Texas 

Case Name: IPBridge v. Xilinx 

Represented: Respondent 

Case Number:             3:17-cv-06376-JD 

Filing Date:                 11/01/2017 

Court:                          US District Court Northern District of California 

Disposition: Settled. 

Date: February 2017 – February 2019. 

 

Type of Matter: Patent infringement involving analog circuits         

Law Firm:  Covington & Burling LLP, San Diego, California 

Case Name: Tessera v. Broadcom 

Represented: Patent holder 

Case Number:             1:16-cv-00380-LPS-CJB 

Filing Date:                 05/23/2016 

Court:                          US District Court District of Delaware 

Disposition: Settled. 

Date: December 2016 – December 2017. 

 

Type of Matter: Patent infringement involving integrated circuit design methods 

and integrated circuit design-automation software          

Law Firm:  Jones, Day LLP, Cleveland, Ohio 

Case Name: Synopsys v. ATopTech 

Represented: Patent holder 

Disposition: Prepared an expert report; deposed; matter was suspended when 

ATopTech filed for Chapter 11 bankruptcy. 

Date: June 2016 – March 2017. 

 

Type of Matter: Patent infringement involving integrated circuit 

process/manufacturing technology for wireless communications              

Law Firm:  McKool Smith, LLP, Dallas, Texas 

Case Name: Ericsson v. TCL 

Represented: Plaintiff 

Disposition: Prepared an expert report regarding the costs and timelines 

associated with the development of integrated circuits for wireless 

communications, and the related difficulties encountered; trial was 

stayed when an IPR proceeding began, matter has since ended. 

Date: November 2015 – March 2016. 

 

Type of Matter: Inter Partes review involving integrated circuit design methods 

and integrated circuit design-automation software          

Law Firm:  Jones, Day LLP, Cleveland, Ohio 

Case Name: ATopTech v. Synopsys 
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Represented: Patent holder 

Disposition: Prepared two declarations; deposed. 

Date: November 2014 – January 2016. 

 

Type of Matter: Inter Partes review involving a semiconductor flash memory 

technology patent           

Law Firm:  Aka Chan LLP, Santa Clara, California 

Case Name: Silicon Motion Technology Corp. v. Phison Electronics Corp. 

Represented: Petitioner 

Disposition: Prepared a declaration; deposed; hearing before the PTAB in 

September 2014, PTAB ruled completely in Petitioners’ favor 

Date: May 2014 – September 2014. 

 

Type of Matter: Patent infringement involving integrated circuit design                 

Law Firm:  Bragalone, Conroy, PC, Dallas, Texas 

Case Name: HSM v. Elpida Memory et al. (was HSM v. Fujitsu et al.) 

Represented: Plaintiff 

Disposition: Prepared numerous declarations and two expert reports; deposed; 

all respondents eventually settled. 

Date: February 2012 – February 2016. 

 

Type of Matter: Patent infringement involving integrated circuit 

process/manufacturing technology (ITC matter)              

Law Firm:  McKool Smith, LLP, Dallas, Texas 

Case Name: Samsung v. Ericsson 

Represented: Defendant 

Disposition: Was assigned one patent in a larger matter, having done much 

original engineering work on the technology in question; produced 

extensive background prior art (having created much of it), 

demonstrated that the accused technology clearly did not practice 

the teachings of the patent, and clearly showed that the 

aforementioned prior art would call the patent’s validity seriously 

into question; plaintiff dropped that patent from the action. 

Date: January 2013 – May 2013. 

 

Type of Matter: Patent infringement involving integrated circuit design, with a 

focus on RF-ICs for wireless communications                 

Law Firm:  Antonelli, Harrington, & Thompson, LLP, Houston, Texas 

Case Name: Semiconductor Ideas to the Market, BV v. Texas Instruments et al. 

Represented: Plaintiff 

Disposition: Prepared a declaration for pre-hearing; major defendant 

(Qualcomm) settled following this expert’s examination of their 

Confidential Business Information (CBI) in June, 2012; other 

defendants settled shortly thereafter. 

Date: May 2012 – August 2012. 

 

Type of Matter: Bond forfeiture proceeding (ITC matter)                 
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Law Firm:  Adduci, Mastriani, & Schaumberg, LLP, Washington, D.C. 

Case Name: Tessera v. Freescale 

Represented: Plaintiff 

Disposition: Following unfavorable ITC ruling, respondent argued that posted 

bond (pending final disposition) should be returned  to them; 

prepared a declaration for hearing; ITC ruled against respondent, 

who then agreed to cease litigation and forfeit the bond. 

Date: April 2012 – October 2012. 

 

Type of Matter: Theft of trade secrets involving integrated circuit design, 

manufacturing, and characterization technology                 

Law Firm:  Shore, Chan, Bragalone, and DePumpo, LLP, Dallas, Texas 

Case Name: Xicor v. SST 

Represented: Plaintiff 

Disposition: Prepared a declaration for hearing regarding plaintiff’s 

identification of its trade secrets; following favorable ruling on 

this, defendant agreed to settle on terms favorable to the plaintiff 

Date: February 2012 – September 2012. 

 

Type of Matter: Patent infringement in integrated circuit substrates (ITC matter)                  

Law Firm:  Alston + Bird, LLP, Atlanta, Georgia 

Case Name: X2Y v. Intel 

Represented: Plaintiff 

Disposition: Consulted on technology involved  

Date: August 2011 – August 2012. 

 

Type of Matter: Theft of trade secrets involving design of power management 

integrated circuits (ITC enforcement proceeding)                  

Law Firm:  Alston + Bird, LLP, Menlo Park, California 

Case Name: Richtek v. uPI, and Sapphire Technology 

Represented: Plaintiff 

Disposition: Prepared an expert report and a supplemental expert report; 

deposed; testified at hearing/trial; subsidiary respondent Sapphire 

settled and exited the case shortly before trial.  

Date: June 2011 – March 2012; follow-on district/superior court cases 

temporarily stayed, but pending. 

 

 

Type of Matter: Patent infringement in switching power supplies                  

Law Firm: McDermott, Will & Emery, LLP, Miami, Florida 

Case Name: Power Integrations, Inc. v. Fairchild Semiconductor International, 

Inc. 

Representing: Defendant 

Disposition: Presented the tutorial at the Markman hearing in San Jose, 

California (Northern District of California) in March; matter 

ongoing, but no longer involved. 

Date: December 2010 – March 2011. 
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Type of Matter: Patent infringement in the power management methodologies of 

portable/mobile device (ITC matter)                  

Law Firm: Finnegan, Henderson, Farabow, Garrett & Dunner, LLP, 

Washington, D.C. 

Case Name: HTC v. Apple 

Represented: Plaintiff 

Disposition: Deposed in March; testified at trial/hearing (ITC) in May; outcome 

pending. 

Date: November 2010 – May 2011. 

 

Type of Matter: Theft of trade secrets involving design of power management 

integrated circuits (ITC matter)                  

Law Firm:  Alston + Bird, LLP, Menlo Park, California 

Case Name: Richtek v. uPI, AMD, Sapphire Technology, Diamond 

Multimedia, and XFX Technology 

Represented: Plaintiff 

Disposition: Prepared an expert report and a supplemental expert report; 

deposed twice (three days total); subsidiary respondents settled and 

exited the case during May 2010 – July 2010; main respondent uPI 

agreed on 21 July 2010 to a Consent Order that included a ten-year 

ban on importation of the accused products to avoid an ITC 

hearing. 

Date: January 2010 – July 2010; ITC enforcement proceeding opened 

against uPI and Sapphire, June 2011 – March 2012 (see above); 

follow-on district/superior court cases temporarily stayed, but 

pending. 

 

Type of Matter: Patent infringement and theft of trade secrets involving integrated 

                                    circuit manufacturing                  

Law Firm:  Keker and Van Nest, LLP, San Francisco, California 

Case Name:  TSMC v. SMIC 

Represented: Plaintiff 

Disposition: Deposed; testified at trial September 2009; jury returned guilty 

verdict on all 18 counts; parties settled during damages phase of 

trial. 

Date:   July 2007 – September 2009. 

 

Type of Matter: Theft of Trade Secrets 

Law Firm:  Baker & McKenzie, LLP, San Diego, California 

Case Name:  Neology Inc. v. B. Roesner et al. 

Represented: Plaintiff 

Disposition: Reviewed materials produced during discovery and found 

considerable facially-labeled trade secret material in the possession 

of the defendant.  Case Settled 

Date:   April 2007 – May 2007 
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Type of Matter: Theft of Trade Secrets 

Law Firm:  Weil, Gotshal, and Manges, LLP, New York, New York 

Case Name:  Synopsys v. Nassda  

Represented: Defendant 

Disposition: Wrote an expert report on behalf of defendant but was not 

deposed.  Case Settled 

Date:   September 2003 - August 2004 

 

Type of Matter: Theft of Trade Secrets 

Law Firm:  Howrey, Simon, Arnold & White, LLP, Menlo Park, California 

Case Name:  Silvaco, Inc. v. Circuit Semantics, Inc. 

Represented: Defendant 

Disposition:  Wrote an expert report on behalf of defendant and was deposed. 

Case Settled 

Date:   February 2003 - September 2003 

 

Type of Matter: Contract dispute, Copyright Infringement, and Theft of Trade 

Secret matter involving integrated circuit design tools 

Law Firm:  Russo & Hale, LLP, Palo Alto, California 

Case Name:  Virtual Silicon Technology, Inc. v. Library Technologies, Inc., 

Represented: Plaintiff 

Disposition: On behalf of plaintiff, wrote an expert report, was deposed and 

testified at arbitration hearing.  Decision of binding arbitration 

released in November 2003; all findings-of-fact in favor of the 

plaintiff. 

Date:   December 2002 - November 2003 
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PUBLICATIONS 

 

Books 

 

1. D. Foty, “Moore’s Law: The Untold Story,” August 2017. 

 

2. D. Foty, “The Rise and Fall of Classical Athens: A Short History,” January 2018. 

 

3. D. Foty, “Thomas Seebeck:  His Life and Science,” September 2018. 

 

4. D. Foty, “Essential Digital, Analog, and Semiconductor Electronics Technology,” 

Chapter 19 in Concise Higher Electrical Engineering (ed. by E. Chikuni, M. Khan, and 

O. Okoro), Juta Academic, 2008. 

 

5. D. Foty, MOSFET Modeling with SPICE: Principles and Practice, Prentice-Hall 

(now Pearson Education), 1997 (now in its third printing; Vietnamese-language 

edition published in 2006). 

 

6. Proceedings of the Symposium on Low Temperature Electronics and High 

Temperature Superconductors (ed. by S. Raider, C. Claeys, D. Foty, T. Kawai, and R. 

Kirschman) (published in October 1993). 

 

7. Proceedings of the Symposium on Low Temperature Electronic Device Operation 

(ed. by D. Foty) (published in December 1991). 

 

 

Guest Journal Editor 

 

1. Guest editor, special issue on Low Voltage/Low Power Design, Analog Integrated 

Circuits and Signal Processing, December 1999. 

 

 

Refereed Journal Publications 

 

1. D. Foty, “Nanoscale Electron Devices: Difficulties, Granularities, and Applications” 

(Invited Paper), Romanian Journal of Information Sciences and Technology, 

(published by the Romanian Academy of Sciences), January 2009, vol. 12(3), pp.  

317 – 338. 

 

2. D. Foty, “An Evaluation of Deep-Submicron CMOS Design Optimized for Operation 

at 77K” (Invited Paper), Analog Integrated Circuits and Signal Processing vol. 49, pp. 

97 – 105 (2006). 

 

3. D. Foty and K. Runge, “What’s Ahead in High-Speed Wireless Data 

Communications? The Future Will Be Better Tomorrow – And Different Than What 

We’ve Been Expecting” (Invited Paper), the African Journal of Information and 

Communications Technology (online publication). 
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4. S. Terry, J. Rochelle, D. Binkley, B. Blaylock, D. Foty, and M. Bucher, “Comparison 

of a BSIM3V3 and EKV MOST Model for a 0.5μm Process and Implications for 

Analog Circuit Design,” IEEE Transactions on Nuclear Science vol. NS-50, pp. 915 - 

920 (2003). 

 

5. D. Binkley, C. Hopper, S. Tucker, B. Moss, J. Rochelle, and D. Foty, “A CAD 

Methodology for Optimizing Transistor Current and Sizing in Analog CMOS 

Design,” IEEE Transactions on Computer-Aided Design of Integrated Circuits and 

Systems vol. CAD-22, pp. 225 – 237 (2003). 

 

6. D. Foty, “Perspectives on Analytical Modeling of Small Geometry MOSFETs in 

SPICE for Low Voltage/Low Power CMOS Circuit Design” (Invited Paper), Analog 

Integrated Circuits and Signal Processing vol. 21, pp. 229 – 252 (1999). 

 

7. D. Foty, “Taking a Deep Look at Analog CMOS,” IEEE Circuits and Devices, March 

1999, pp. 23 – 28. 

 

8. D. Foty, “MOSFET Modeling for Circuit Simulation: Where Do We Go From 

Here?,” IEEE Circuits and Devices, July 1998, pp. 26 – 31. 

 

9. G. Gildenblat and D. Foty, “Low Temperature Models of Metal-Oxide-

Semiconductor Field-Effect Transistors” (Invited Paper), The International Journal of 

High Speed Electronics and Systems vol. 6, pp. 317 - 373 (1995). 

 

10. D. Foty and E. Nowak, “MOSFET Technology for Low Voltage/Low Power 

Applications” (Invited Paper), IEEE Micro, June 1994, pp. 68 - 77. 

 

11. D. Foty, P. Wyns, and K. Oughstun, “On the Propagation of Short Optical Pulses in a 

Linear Dispersive Medium,” IEEE Journal of Quantum Electronics vol. 28, pp. 1619 

- 1622 (1992). 

 

12. E. Farrell, P. Appino, D. Foty, and T. Linton, “Visual Interpretation of Multi-

Dimensional Computations and Transistor Design,” IBM Journal of Research and 

Development vol. 35, pp. 26 - 44 (1991). 

 

13. D. Foty, “Impurity Ionization in MOSFETs at Very Low Temperatures,” Cryogenics 

vol. 30, pp. 1056 - 1063 (1990). 

 

14. D. Cole, E. Buturla, S. Furkay, K. Varahramyan, J. Slinkman, J. Mandelman, D. 

Foty, O. Bula, A. Strong, J. Park, T. Linton, J. Johnson, M. Fischetti, S. Laux, P. 

Cottrell, H. Lustig, F. Pileggi, and D. Katcoff, “The Use of Simulation in 

Semiconductor Technology Development” (Invited Paper), Solid State Electronics 

vol. 33, pp. 591 - 623 (1990). 
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15. K. Oughstun, P. Wyns, and D. Foty, “Numerical Determination of the Signal 

Velocity in Linear Dispersive Pulse Propagation,” Journal of the Optical Society of 

America A vol. 6, pp. 1430 - 1440 (1989). 

 

16. P. Wyns, D. Foty, and K. Oughstun, “Numerical Analysis of the Precursor Fields in 

Dispersive Pulse Propagation,” Journal of the Optical Society of America A vol. 6, 

pp. 1421 - 1429 (1989). 

 

17. D. Foty, “Thermal Effects in p-Channel MOSFETs at Low Temperatures,” IEEE 

Transactions on Electron Devices vol. 36, pp. 1542 - 1544 (1989). 

 

18. D. Foty and S. Titcomb, “Thermal Effects in n-Channel Enhancement MOSFETs 

Operated at Cryogenic Temperatures,” IEEE Transactions on Electron Devices vol. 

34, pp. 107 - 114 (1987). 

 

 

 

Refereed Conference Proceedings 

 

1. D. Foty, “Amplification, Feedback, and Sub-Biasing: 

Applying Analog Techniques to High-Speed, 

Low-Power Digital CMOS Circuits,” Invited Conference Plenary Lecture, Proceedings 

of the 13th International Symposium on Signals, Circuits, and Systems, pp. 123 - 128 

(published July 2017). 

 

2. D. Foty, “The Future of ‘Moore’s Law’ – Does It Have One?” Invited Conference 

Plenary Lecture, Proceedings of the 11th International Symposium on Signals, 

Circuits, and Systems, pp. 1 - 8 (published July 2013). 

 

3. D. Foty, “The Future of ‘Moore’s Law’ – Does It Have One?” Invited Conference 

Plenary Lecture, Proceedings of the 13th Baltic Electronics Conference, pp. 21 – 26 

(published October 2012). 

 

4. D. Foty, B. Smith, S. Sinha, and M. Schröter, “Expanding Wireless Bandwidth in a 

Power-Efficient Way:  Developing a Viable mm-Wave Radio Technology,” Invited 

Conference Plenary Lecture, Proceedings of the 10th IEEE East-West Design and 

Test Symposium, pp. 264 - 269 (published September 2012). 

 

5. D. Foty, B. Smith, S. Sinha, and M. Schröter, “The Wireless Bandwidth Crisis and 

the Need for Power-Efficient Bandwidth,” (Invited Paper), Proceedings of the 10th 

International Symposium on Signals, Circuits, and Systems, pp. 275 - 279  (published 

July 2011). 

 

6. D. Foty, “Breaking the Entropy Addiction: Understanding Power Consumption and 

Overcoming It,” Invited Conference Plenary Lecture, Proceedings of Africon2009, 

Proceedings on DVD (published September 2009). 
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7. B.C. Mabuza, S. Sinha and D. Foty, “On-chip Impedance Tuning for mm-wave 

Applications,”•Proceedings of the South African Conference on Semiconductor and 

Superconductor Technology, pp. 49 – 53 (published April 2009). 

 

8. D. Foty, S. Sinha, M. Weststrate, C. Coetzee, A. Uys, and E. Sibanda, “mm-Wave 

Radio Communications Systems:  The Quest Continues,” Invited Conference Plenary 

Lecture, Proceedings of the International Radio Electronics Forum, pp. 14 – 17 

(published October 2008). 

 

9. D. Foty, “Prospects for Nanoscale Electron Devices:  Some Little-Recognized 

Problems,” Invited Conference Plenary Lecture, Proceedings of the 31st Conference 

on Semiconductor Physics, pp. 3 – 13 (published October 2008). 

 

10. D. Foty, “Nanoscale Electron Devices:  The Untold Technology Story,” Invited 

Conference Plenary Lecture, Proceedings of the 11th Baltic Electronics Conference, 

pp. 59 - 69 (published October 2008). 

 

11. D. Foty, “Next-Generation Wireless Networks: A New World, From Bottom to Top,” 

Invited Conference Keynote Lecture, Proceedings of Africon2007, Proceedings on 

DVD (published September 2007). 

 

12. D. Foty, “Next-Generation Wireless Networks: New Building Blocks and New 

Network Topologies,” Invited Conference Plenary Lecture, Proceedings of the 

International Conference on Dependable Systems, Services, and Technologies, pp. 

220 - 228 (published April 2007). 

 

13. D. Foty, “Factors in High-Speed Wireless Data Networking – New Ideas and a New 

Perspective,” Invited Conference Plenary Lecture, Proceedings of the East-West 

Design and Test Workshop, pp. 29 - 38 (published September 2006). 

 

14. D. Foty, “New Directions in Technology for High-Speed Wireless Data 

Communications,” Invited Conference Plenary Lecture, Proceedings of the 13th 

International Conference on the Mixed Design of Integrated Circuits and Systems, 

pp. 19 – 27 (published June 2006). 

 

15. D. Foty and G. Gildenblat, “Fundamental Aspects of CMOS Technology: Basics, 

Implications, and a Roadmap to the Future” (Invited Paper), Proceedings of the 

International Workshop on System-on-Chip pp. xxx - xxx (published July 2005). 

(Paper was submitted on time but was inadvertently not included in the Proceedings 

volume – available upon request.) 

 

16. D. Foty and G. Gildenblat, “Scaling Theory and ‘Punctuated Equilibrium’ in CMOS 

Technology,” Invited Conference Plenary Lecture, Proceedings of the 7th 

International Symposium on Signals, Circuits, and Systems, pp. 1 - 8 (published July 

2005). 
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17. D. Foty, “An Evaluation of Deep-Submicron CMOS Design Optimized for Operation 

at 77K” (Special Session Paper), Proceedings of the 12th International Conference on 

the Mixed Design of Integrated Circuits and Systems, pp. 939 - 945 (published June 

2005). 

 

18. D. Foty, “An Evaluation of Deep-Submicron CMOS Design Optimized for Operation 

at 77K” (Special Session Paper), Proceedings of the International Symposium on 

Industrial Electronics, pp. 1139 - 1144 (published June 2005). 

 

19. D. Foty and K. Runge, ““What’s Ahead in High-Speed Wireless Data 

Communications? The Future Will Be Better Tomorrow – And Different Than What 

We’ve Been Expecting,” Invited Conference Plenary Lecture, Proceedings of the 

12th International Conference on Telecommunications, (conference proceedings 

pages not numbered), (published May 2005). 

 

20. D. Foty and G. Gildenblat, “Fundamental Aspects of CMOS Technology: Basics, 

Implications, and a Roadmap to the Future,” Invited Conference Plenary Lecture, 

Proceedings of the 8th International Conference CADSM, pp. 21 – 28 (published 

February 2005). 

 

21. D. Foty, “Perspectives on Scaling Theory and CMOS Technology – Past, Present, 

and Future” (Invited Paper), Proceedings of the 11th International Conference on 

Electronics, Circuits, and Systems, pp. 631 – 637 (published December 2004). 

 

22. G. Gildenblat, C. McAndrew, H. Wang, W. Wu, D. Foty, L. Lemaitre and P. Bendix, 

“Advanced Compact Models: Gateway to Modern CMOS Design” (Invited Paper), 

Proceedings of the 11th International Conference on Electronics, Circuits, and 

Systems, pp. 638 – 641 (published December 2004). 

 

23. P. Bendix, D. Foty, and D. Pachura, “Practical Aspects of MOS Transistor Model 

‘Accuracy’ in Modern CMOS Technology” (Invited Paper), Proceedings of the 11th 

International Conference on Electronics, Circuits, and Systems, pp. 642 - 645 

(published December 2004). 

 

24. D. Foty and G. Gildenblat, “CMOS Scaling Theory – Why Our ‘Theory of 

Everything’ Still Works, and What That Means For The Future” (Invited Paper), 

Proceedings of the 12th International Symposium on Electron Devices for Microwave 

and Optoelectronic Applications, pp. 27 – 38 (published November 2004). 

 

25. D. Foty, “Perspectives on Scaling Theory and CMOS Technology – Punctuated 

Equilibrium and Evolutionary Biology,” Invited Conference Plenary Lecture, 

Proceedings of the 9th Baltic Electronics Conference, pp. 17- 24 (published October 

2004). 

 

26. D. Foty, “Re-Interpreting the MOS Transistor for the 21st Century: Generalized 

Methods and Their Extension to Nanotechnology,” Invited Conference Plenary 
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Lecture, Nordic VLSI Design Conference (NorChip), pp. 8 - 15 (published November 

2003). 

 

27. D. Foty, “Re-Generalizing the MOS Transistor, for Improved Analog Design and 

Extension to Nanotechnology: New Rules for a New Century,” Invited Conference 

Plenary Lecture, Proceedings of the 4th Electronic Circuits and Systems Conference, 

pp. 86 - 95 (published September 2003). 

 

28. D. Foty, “Re-Thinking and Re-Generalizing the MOS Transistor: Understanding, 

CMOS Design, and Extension to Nanotechnology,” Invited Conference Plenary 

Lecture, Proceedings of the 16th European Conference on Circuit Theory and Design, 

pp. I-16 – I-21 (published September 2003). 

 

29. D. Foty, “Modernizing the Framework for Deep Submicron Design – For CMOS and 

Beyond,” Invited Conference Plenary Lecture, Proceedings of the 10th International 

Conference on the Mixed Design of Integrated Circuits and Systems, pp. 19 - 24 

(published June 2003). 

 

30. S. Terry, J. Rochelle, D. Binkley, B. Blaylock, D. Foty, and M. Bucher, “Comparison 

of a BSIM3V3 and EKV MOST Model for a 0.5μm Process and Implications for 

Analog Circuit Design,” Proceedings of the IEEE Nuclear Science Symposium, 

(conference proceedings pages not numbered), (published November 2002). 

 

31. D. Foty, M. Bucher, and D. Binkley, “Re-Interpreting the MOS Transistor Via the 

Inversion Coefficient and the Continuum of gms/Id,” Proceedings of the 9th 

International Conference on Electronics, Circuits, and Systems, pp. 1179 - 1182 

(published September 2002). 

 

32. M. Bucher, D. Kazazis, F. Krummenacher, D. Binkley, D. Foty, and Y. Papananos, 

“Analysis of Transconductances at All Levels of Inversion in Deep Submicron 

CMOS,” Proceedings of the 9th International Conference on Electronics, Circuits, and 

Systems, pp. 1183 -1186 (published September 2002). 

 

33. D. Foty, D. Binkley, and M. Bucher, “gm/Id-Based MOSFET Modeling and Modern 

Analog Design” (Invited Paper), Proceedings of the 9th International Conference on 

the Mixed Design of Integrated Circuits and Systems, pp. 55 - 58 (published June 

2002). 

 

34. D. Foty, D. Binkley, and M. Bucher, “Starting Over: gm/Id-Based MOSFET 

Modeling as a Basis for Modernized Analog Design Methodologies” (Invited Paper), 

Proceedings of the International Conference on the Modeling and Simulation of 

Microsystems, pp. 682 - 685 (published in April 2002). 

 

35. D. Foty, D. Binkley, and M. Bucher, “Measurements and Modeling of MOSFET 

Inversion Level Over a Wide Range as a Basis for Analog Design,” Proceedings of 

the 15th European Conference on Circuit Theory and Design, pp. I-85 – I-88 

(published in August 2001). 
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36. D. Foty, “MOSFET Modeling for Circuit Simulation: Requiem or Recovery?,” 

Proceedings of the 15th European Conference on Circuit Theory and Design, pp. I-81 

– I-84 (published in August 2001). 

 

37. D. Binkley, M. Bucher, and D. Foty, “Design-Oriented Characterization of CMOS 

Over the Continuum of Inversion Level and Channel Length,” Proceedings of the 7th 

International Conference on Electronics, Circuits, and Systems, pp. 161 – 164 

(published in December 2000). 

 

38. D. Foty and E. Nowak, “Performance, Reliability, and Supply Voltage Reduction, 

with the Addition of Temperature as a Design Variable” (Invited Paper), Proceedings 

of the 1993 European Solid State Device Research Conference, pp. 943 - 948. 

 

39. D. Foty and E. Nowak, “Performance/Reliability Trade-Off and Optimized 

nMOSFET Design for 77K CMOS Logic,” Proceedings of the Symposium on Low 

Temperature Electronics and High Temperature Superconductors (ed. by S. Raider), 

pp. 89 - 95 (published in October 1993). 

 

40. D. Foty, “The Design of Deep Submicron FETs for Low Temperature Operation” 

(Invited Paper), Proceedings of the Symposium on Low Temperature Electronics and 

High Temperature Superconductors (ed. by S. Raider), pp. 63 - 77 (published in 

October 1993). 

 

41. D. Foty, H. Hanafi, P. Agnello, and H. Ho, “Mixed Schottky/p-n Junction Behavior 

in Diodes Produced by Outdiffusion from Polycrystalline Cobalt Disilicide,” 

Technical Digest of the 1992 International Electron Devices Meeting, pp. 841 - 845. 

 

42. D. Foty, “Low Temperature Electronics and Future Electron Devices” (Invited 

Paper), Proceedings of the Symposium on Low Temperature Electronic Device 

Operation (ed. by D. Foty), pp. 13 - 24 (published in December 1991). 

 

43. D. Foty and S. Titcomb, “Freeze-Out and Field Dependent Ionization in MOSFETs at 

Very Low Temperatures,” Proceedings of the Symposium on Low Temperature 

Electronics and High Temperature Superconductors (ed. by S. Raider), pp. 151 - 160 

(published in March 1988). 

 

 

Articles in Industry Trade Publications 

 

1. D. Foty, “It’s Time to Write Off the Past – Vermont Needs an Economic Future,” 

Ethan Allen Institute Newsletter, November 2002. (This article was also published in 

the Springfield (Vt.) Reporter, the Brandon (Vt.) Bugle, the Brattleboro (Vt.) 

Reformer, and The Vermont Times.) 

 

2. D. Foty and P. Bendix, “An Executive Guide to MOS Transistor Modeling,” Fabless 

Forum, March 2002. 
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3. D. Foty, “Radio-Frequency Technology: Easier Said Than Done?,” Fabless Forum, 

September 1999. 

 

4. D. Foty, “A Traveler’s Tales – An Essay on Globalization and the Culture of the 

‘New Economy’,” Vermont Business Magazine, September 1998. 

 

5. D. Foty, “MOSFET Modeling for Circuit Simulation: Where Do We Go From 

Here?,” Fabless Forum, March 1998. 

 

 

Conference Presentations 

 

1. D. Foty, “Amplification, Feedback, and Sub-Biasing: Applying Analog Techniques to 

High-Speed, Low-Power Digital CMOS Circuits at Dimensions Below 100nm,” 

(Invited Conference Plenary Lecture), presented at the 16th Baltic Electronics 

Conference, Tallinn, Estonia, 8 October 2018. 

 

2. D. Foty, “Developing Critical Infrastructure – Data-Centric, Next-Generation 

Communications Networks,” (Invited Conference Plenary Lecture), presented at the 

2nd Regional African Conference of the International Telecommunications Society, 

Lusaka, Zambia, 16 March 2018. 

 

3. D. Foty, “Amplification, Feedback, and Sub-Biasing:  Applying Analog Techniques to 

High-Speed, Low Power Digital CMOS Circuits,” (Invited Conference Plenary 

Lecture), presented at the 13th International Symposium on Signals, Circuits, and 

Systems, Iaşi, Romania, 13 July 2017. 

 

4. D. Foty, “Developing Data-Centric, Next-Generation Communications Networks That 

Actually Work – and Work Well,” (Invited Conference Plenary Lecture), presented at 

the EAI International Conference for Research, Innovation and Development for 

Africa, Victoria Falls, Zimbabwe, 21 June 2017. 

 

5. D. Foty, “Amplification, Feedback, and Sub-Biasing:  Applying Analog Techniques to 

High-Speed, Low Power Digital CMOS Circuits,” (Invited Conference Plenary 

Lecture), presented at the 15th Baltic Electronics Conference, Tallinn, Estonia, 3 

October 2016. 

 

6. D. Foty, “The Future of ‘Moore’s Law’ – Does It Have One?” (Invited Conference 

Plenary Lecture), presented at the 12th International Conference on Synthesis, 

Modeling, Analysis, and Simulation Methods and Applications to Circuit Design, 

Istanbul, Turkey, 7 September 2015. 

 

7. D. Foty, “Patents, Trade Secrets, Intellectual Property, and Such: 

What Engineers Need to Know,” (Invited Conference Plenary Lecture), presented at 

the 12th International Symposium on Signals, Circuits, and Systems, Iaşi, Romania, 10 

July 2015. 
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8. D. Foty, “Patents, Trade Secrets, Intellectual Property, and Such: 

What Engineers Need to Know,” (Invited Conference Plenary Lecture), presented at 

the 14th Baltic Electronics Conference, Laulasmaa, Estonia, 8 October 2014. 

 

9. D. Foty, “The Future of ‘Moore’s Law’ – Does It Have One?” (Invited Conference 

Plenary Lecture), presented at the 11th  International Symposium on Signals, Circuits, 

and Systems, Iaşi, Romania, 11 July 2013. 

 

10. D. Foty, “The Future of ‘Moore’s Law’ – Does It Have One?” (Invited Conference 

Plenary Lecture), presented at the 13th Baltic Electronics Conference, Laulasmaa, 

Estonia, 5 October 2012. 

 

11. D. Foty, B. Smith, S. Sinha, and M. Schröter, “Expanding Wireless Bandwidth in a 

Power-Efficient Way:  Developing a Viable mm-Wave Radio Technology,” (Invited 

Conference Plenary Lecture), presented at the 10th IEEE East-West Design and Test 

Symposium, Kharkov, Ukraine, 15 September 2012. 

 

12. D. Foty, B. Smith, S. Sinha, and M. Schröter, “Addressing the Problem of Wireless 

Bandwidth and Power-Efficiency:  Prospects for mm-Wave Radio Technology,” 

presented at MASFOR2012, Istanbul, Turkey, 22 June 2012. 

 

13. D. Foty, B. Smith, S. Sinha, and M. Schröter, “Addressing the Emerging Wireless 

Bandwidth Crisis and the Need for Power-Efficient Bandwidth: Prospects for mm-

Wave Radio Technology,” (Invited Conference Keynote Lecture), presented at 

Africon2011, Livingstone, Zambia, 13 September 2011. 

 

14. D. Foty, B. Smith, S. Sinha, and M. Schröter, “The Wireless Bandwidth Crisis and the 

Need for Power-Efficient Bandwidth,” (Invited Paper),  presented at the 10th 

International Symposium on Signals, Circuits, and Systems, Iaşi, Romania, 1 July 

2011. 

 

15. D. Foty, “Thomas Johann Seebeck – Two Centuries Later, An Appreciation,” (Invited 

Conference Plenary Lecture – the Thomas Johann Seebeck Memorial Lecture), 

presented at the 12th Baltic Electronics Conference, Tallinn, Estonia, 4 October 2010. 

 

16. D. Foty, B. Smith, S. Sinha, and M. Schröter, “Next-Generation Wireless 

Communications Networks - From Chips to Architecture,” (Invited Conference 

Plenary Lecture), presented at the International Association of Science and Technology 

for Development (IASTED) International Conference on Modeling and Simulation, 

Gaborone, Botswana, 7 September 2010. 

 

17. D. Foty, “Breaking the Entropy Addiction: Understanding Power Consumption and 

Overcoming It,” (Invited Conference Plenary Lecture), presented at Africon2009, 

Nairobi, Kenya, 25 September 2009. 
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18. D. Foty, S. Sinha, M. Weststrate, C. Coetzee, A. Uys, and E. Sibanda, “mm-Wave 

Radio Communications Systems:  The Quest Continues” (Invited Conference Plenary 

Lecture), presented at the International Radio Electronics Forum, Kharkov, Ukraine, 

23 October 2008. 

 

19. D. Foty, “Prospects for Nanoscale Electron Devices:  Some Little-Recognized 

Problems” (Invited Conference Plenary Lecture), presented at the 31st Conference on 

Semiconductor Physics, Sinaia, Romania, 13 October 2008. 

 

20. D. Foty, “Nanoscale Electron Devices:  The Untold Technology Story” (Invited 

Conference Plenary Lecture), presented at the 11th Baltic Electronics Conference, 

Laulasmaa, Estonia, 8 October 2008. 

 

21. D. Foty, “Electron Devices in Nanoelectronic Circuits and Systems:  Problems and 

Prospects,” Invited Presentation, presented at the IEEE Electron Devices Society / 

Solid State Circuits Society Mini-Colloquium “Nanoelectronic Devices:  Present and 

Perspective,” Sinaia, Romania, 14 October 2007. 

 

22. D. Foty, “Next-Generation Wireless Networks: A New World, From Bottom to Top,” 

Invited Conference Keynote Lecture, presented at Africon2007, Windhoek, Namibia, 

26 September 2007. 

 

23. D. Foty, “The ‘MOS Miracle’ – A Behind-the-Scenes Look,” Conference tutorial 

presented at the 8th International Symposium on Signals, Circuits, and Systems, Iaşi, 

Romania, 11 July 2007. 

 

24. D. Foty, “Next-Generation Wireless Networks: New Building Blocks and New 

Network Topologies,” Invited Conference Keynote Lecture, presented at the 

International Conference on Dependable Systems, Services, and Technologies, 

Kirovohrad, Ukraine, 27 April 2007. 

 

25. D. Foty, “Factors in High-Speed Wireless Data Networking – New Ideas and a New 

Perspective” (Invited Conference Plenary Lecture), presented at the East-West Design 

and Test Workshop, Sochi, Russia, 18 September 2006. 

 

26. D. Foty, “New Directions in Technology for High-Speed Wireless Data 

Communications” (Invited Conference Plenary Lecture), presented at the 13th 

International Conference on the Mixed Design of Integrated Circuits and Systems, 

Gdynia, Poland, 24 June 2006. 

 

27. D. Foty and G. Gildenblat, “Fundamental Aspects of CMOS Technology: Basics, 

Implications, and a Roadmap to the Future” (Invited Paper), presented at the 

International Workshop on System-on-Chip, Banff, Alberta, Canada, 22 July 2005. 

 

28. D. Foty and G. Gildenblat, “Scaling Theory and ‘Punctuated Equilibrium’ in CMOS 

Technology” (Invited Conference Plenary Lecture), presented at the 7th International 

Symposium on Signals, Circuits, and Systems, Iaşi, Romania, 14 July 2005. 
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29. D. Foty, “An Evaluation of Deep-Submicron CMOS Design Optimized for Operation 

at 77K” (Special Session Paper), presented at the 12th International Conference on the 

Mixed Design of Integrated Circuits and Systems, Krakow, Poland, 23 June 2005. 

 

30. D. Foty, “An Evaluation of Deep-Submicron CMOS Design Optimized for Operation 

at 77K” (Special Session Paper), presented at the International Symposium on 

Industrial Electronics, Dubrovnik, Croatia, 20 June 2005. 

 

31. D. Foty and K. Runge, “What’s Ahead in High-Speed Wireless Data Communications? 

The Future Will Be Better Tomorrow – And Different Than What We’ve Been 

Expecting” (Invited Conference Plenary Lecture), presented at the 12th International 

Conference on Telecommunications, Cape Town, South Africa, 4 May 2005. 

 

32. D. Foty and G. Gildenblat, “Fundamental Aspects of CMOS Technology: Basics, 

Implications, and a Roadmap to the Future” (Invited Conference Plenary Lecture), 

presented at the 8th International Conference CADSM, Polyana, Ukraine, 23 February 

2005. 

 

33. D. Foty, “Perspectives on Scaling Theory and CMOS Technology – Past, Present, 

and Future” (Invited Paper), presented at the 11th International Conference on 

Electronics, Circuits, and Systems, Tel Aviv, Israel, 15 December 2004. 

 

34. G. Gildenblat, C. McAndrew, H. Wang, W. Wu, D. Foty, L. Lemaitre and P. Bendix, 

“Advanced Compact Models: Gateway to Modern CMOS Design” (Invited Paper), 

presented at the 11th International Conference on Electronics, Circuits, and Systems, 

Tel Aviv, Israel, 15 December 2004. 

 

35. P. Bendix, D. Foty, and D. Pachura, “Practical Aspects of MOS Transistor Model 

‘Accuracy’ in Modern CMOS Technology” (Invited Paper), presented at the 11th 

International Conference on Electronics, Circuits, and Systems, Tel Aviv, Israel, 15 

December 2004. 

 

36. D. Foty and G. Gildenblat, “CMOS Scaling Theory – Why Our ‘Theory of 

Everything’ Still Works, and What That Means For The Future” (Invited Paper), 

presented at the 12th International Symposium on Electron Devices for Microwave 

and Optoelectronic Applications, Berg-en-Dal, Kruger National Park, South Africa, 8 

November 2004. 

 

37. D. Foty, “Perspectives on Scaling Theory and CMOS Technology – Punctuated 

Equilibrium and Evolutionary Biology” (Invited Conference Plenary Lecture), 

presented at the 9th Baltic Electronics Conference, Tallinn, Estonia, 4 October 2004. 

 

38. D. Foty, “Re-Interpreting the MOS Transistor for the 21st Century: Generalized 

Methods and Their Extension to Nanotechnology,” (Invited Conference Plenary 

Lecture), presented at the Nordic VLSI Design Conference (NorChip), Riga, Latvia, 

10 November 2003. 
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39. D. Foty, “Pondering the MOS Transistor in the 21st Century” (Conference Tutorial), 

presented at the Nordic VLSI Design Conference (NorChip), Riga, Latvia, 9 

November 2003. 

 

40. D. Foty, “Re-Generalizing the MOS Transistor, for Improved Analog Design and 

Extension to Nanotechnology: New Rules for a New Century” (Invited Conference 

Plenary Lecture), presented at the 4th Electronic Circuits and Systems Conference, 

Bratislava, Slovakia, 12 September 2003. 

 

41. D. Foty, “Re-Thinking and Re-Generalizing the MOS Transistor: Understanding, 

CMOS Design, and Extension to Nanotechnology” (Invited Conference Plenary 

Lecture), presented at the 16th European Conference on Circuit Theory and Design, 

Krakow, Poland, 2 September 2003. 

 

42. D. Foty, “Modernizing the Framework for Deep Submicron Design – For CMOS and 

Beyond” (Invited Conference Plenary Lecture), presented at the 10th International 

Conference on the Mixed Design of Integrated Circuits and Systems, Lodz, Poland, 

27 June 2003. 

 

43. D. Foty, M. Bucher, and D. Binkley, “Re-Interpreting the MOS Transistor Via the 

Inversion Coefficient and the Continuum of gms/Id,” presented at the 9th 

International Conference on Electronics, Circuits, and Systems, Dubrovnik, Croatia, 

18 September 2002. 

 

44. D. Foty, and M. Bucher, “New Techniques for Modern Analog Design: CMOS 

Design Methodologies and the EKV MOSFET Model” (Conference Tutorial), 

presented at the 9th International Conference on Electronics, Circuits, and Systems, 

Dubrovnik, Croatia, 15 September 2002. 

 

45. D. Foty, D. Binkley, and M. Bucher, “gm/Id-Based MOSFET Modeling and Modern 

Analog Design” (Invited Paper), presented at the 9th International Conference on the 

Mixed Design of Integrated Circuits and Systems, Wrocław, Poland, 20 June 2002. 

 

46. D. Foty and D. Binkley, “MOS Modeling as a Basis for Design Methodologies: New 

Techniques for Modern Analog Design” (Conference Tutorial), presented at the 

International Symposium on Circuits and Systems, Scottsdale, Arizona, 26 May 

2002. 

 

47. D. Foty, “MOS Modeling, Design Quality, and Modern Analog Design” (Conference 

Tutorial), presented at the Workshop on Compact Modeling, International 

Conference on the Modeling and Simulation of Microsystems, San Juan, Puerto Rico, 

25 April 2002. 

 

48. D. Foty, D. Binkley, and M. Bucher, “Starting Over: gm/Id-Based MOSFET 

Modeling as a Basis for Modernized Analog Design Methodologies” (Invited Paper), 
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presented at the Workshop on Compact Modeling, International Conference on the 

Modeling and Simulation of Microsystems, San Juan, Puerto Rico, 23 April 2002. 

 

49. D. Foty, “MOS Modeling, Design Quality, and Modern Analog Design” (Conference 

Tutorial), presented at the International Symposium on Quality Electronic Design, 

San Jose, California, 18 March 2002. 

 

50. D. Foty, D. Binkley, and M. Bucher, “Measurements and Modeling of MOSFET 

Inversion Level Over a Wide Range as a Basis for Analog Design,” presented at the 

15th European Conference on Circuit Theory and Design, Espoo, Finland, 29 August 

2001. 

 

51. D. Foty, “MOSFET Modeling for Circuit Simulation: Requiem or Recovery?,” 

presented at the 15th European Conference on Circuit Theory and Design, Espoo, 

Finland, 29 August 2001. 

 

52. D. Foty and D. Binkley, “MOS Modeling as a Basis for Design Methodologies: New 

Techniques for Next-Generation Analog Circuit Design” (Conference Tutorial), 

presented at the 15th European Conference on Circuit Theory and Design, Espoo, 

Finland, 28 August 2001. 

 

53. D. Foty and D. Binkley, “Re-Connecting MOS Modeling and Circuit Design: New 

Methods for Design Quality” (Conference Tutorial), presented at the International 

Symposium on Quality Electronic Design, San Jose, California, 26 March 2001. 

 

54. D. Foty and D. Binkley, “MOS Modeling and Circuit Design: Re-Establishing a Lost 

Connection” (Conference Tutorial), presented at the Design Automation Conference, 

Los Angeles, California, 7 June 2000. 

 

55. D. Foty, “A Circuit Designer’s Guide to MOS Modeling” (Conference Tutorial), 

presented at the International Symposium on Circuits and Systems, Geneva, 

Switzerland, 28 May 2000. 

 

56. D. Foty, “MOS Models as a Factor in the Quality of Electronic Design” (Conference 

Tutorial), presented at the International Symposium on Quality Electronic Design, 

San Jose, California, 20 March 2000. 

 

57. D. Foty, “MOS Modeling – A Crucial Circuit Design Activity,” presented at Silicon 

RF-IC: Modeling and Design,” Lausanne, Switzerland, 25 February 2000. 

 

58. D. Foty, “An Overview of AC Simulation Aspects of MOS Modeling,” presented at 

the RF MOS Modeling Workshop, Munich, Germany, 16 February 1999. 

 

59. D. Foty, “AC Simulation Aspects of MOS Modeling,” presented at Northcon, Seattle, 

Washington, 22 October 1998. 
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60. D. Foty, “Effective MOSFET Modeling for SPICE Circuit Simulation” (Conference 

Tutorial), presented at Northcon, Seattle, Washington, 22 October 1998. 

 

61. D. Foty, “What Every Circuit Designer Needs to Know About MOS Modeling for 

SPICE Circuit Simulation” (One-Day Short Course), presented at the Electronic 

Design Automation and Test Conference, Asia, Hsinchu, Taiwan, 15 October 1998. 

 

62. D. Foty, “MOS Modeling of Small Geometry Structures for Circuit Simulation” 

(Conference Tutorial), presented at the Custom Integrated Circuits Conference, Santa 

Clara, California, 11 May 1998. 

 

63. D. Foty, “MOS Modeling for Deep Submicron CMOS Circuit Simulation” 

(Conference Tutorial), presented at the Southeastern Workshop on Mixed-Signal 

VLSI, Knoxville, Tennessee, 1 April 1998. 

 

64. D. Foty, “MOS Modeling Issues in the Emerging Analog and Low Power Era” 

(Conference Tutorial), presented at the Electronic Design Automation and Test 

Conference, Asia, Hsinchu, Taiwan, 28 August 1997. 

 

65. D. Foty, “MOS Modeling Issues in the Emerging Analog and Low Power Era” 

(Conference Tutorial), presented at the Electronic Design Automation and Test 

Conference, Asia, Shanghai, China, 22 August 1997. 

 

66. D. Foty, “Aspects of MOS Modeling for Analog/Mixed-Signal Design,” presented at 

the CMP Analog/Mixed-Signal Design Conference, San Jose, California, 22 July 

1997. 

 

67. D. Foty, “MOS Modeling and SPICE: Are You an Educated Model Consumer?” 

(Conference Tutorial), presented at the Custom Integrated Circuits Conference, Santa 

Clara, California, 5 May 1997. 

 

68. D. Foty, “The SPICE FET Models: Pitfalls and Prospects” (Conference Tutorial), 

presented at the Design Automation Conference, Las Vegas, Nevada, 5 June 1996. 

 

69. D. Foty and E. Nowak, “Performance, Reliability, and Supply Voltage Reduction, 

with the Addition of Temperature as a Design Variable” (Invited Paper), presented at 

the Symposium on Low Voltage-Low Power Integrated Circuits, 1993 European 

Solid State Device Research Conference, Grenoble, France, 16 September 1993. 

 

70. D. Foty and E. Nowak, “Performance/Reliability Trade-Off and Optimized 

nMOSFET Design for 77K CMOS Logic,” presented at the Symposium on Low 

Temperature Electronics and High Temperature Superconductors, Honolulu, Hawaii, 

20 May 1993. 

 

71. D. Foty, “The Design of Deep Submicron FETs for Low Temperature Operation” 

(Invited Paper), presented at the Symposium on Low Temperature Electronics and 

High Temperature Superconductors, Honolulu, Hawaii, 20 May 1993. 
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72. D. Foty, H. Hanafi, P. Agnello, and H. Ho, “Mixed Schottky/p-n Junction Behavior 

in Diodes Produced by Outdiffusion from Polycrystalline Cobalt Disilicide,” 

presented at the 1992 International Electron Devices Meeting, San Francisco, 

California, 16 December 1992. 

 

73. D. Foty, “Low Temperature Electronics and Future Electron Devices (Invited Paper), 

presented at the Symposium on Low Temperature Electronic Device Operation, 

Washington, DC, 7 May 1991. 

 

74. D. Foty, “Impurity Ionization in MOSFETs at Very Low Temperatures,” presented at 

the First International Conference on Low Temperature Electronics, Berkeley, 

California, 24 April 1990. 

 

75. D. Foty and T. Furukawa, “Behavior of an NMOS Trench Isolated Corner Parasitic 

Device at Low Temperature,” presented at the Symposium on Low Temperature 

Electronics, Materials, and Processing, Hollywood, Florida, 17 October 1989. 

 

76. D. Foty and S. Titcomb, “Freeze-Out and Field Dependent Ionization in MOSFETs at 

Very Low Temperatures,” presented at the Symposium on Low Temperature 

Electronics and High Temperature Superconductors, Honolulu, Hawaii, 20 October 

1987. 

 

 

 

Co-Authored Conference Presentations 

 

1. S. Sinha and D. Foty, “SiGe Technology for mm-Wave Applications,” (Invited 

Conference Plenary Lecture), presented at the 13th Baltic Electronics Conference, 

Tallinn, Estonia, 3 October 2012. 

 

2. B.C. Mabuza, S. Sinha and D. Foty, “On-chip Impedance Tuning for mm-Wave 

Applications,” presented at the South African Conference on Semiconductor and 

Superconductor Technology, Stellenbosch, South Africa 8 April 2009. 

 

3. S. Terry, J. Rochelle, D. Binkley, B. Blaylock, D. Foty, and M. Bucher, “Comparison 

of a BSIM3V3 and EKV MOST Model for a 0.5μm Process and Implications for 

Analog Circuit Design,” presented at the IEEE Nuclear Science Symposium, Norfolk, 

Virginia, 15 November 2002. 

 

4. M. Bucher, D. Kazazis, F. Krummenacher, D. Binkley, D. Foty, and Y. Papananos, 

“Analysis of Transconductances at All Levels of Inversion in Deep Submicron 

CMOS,” presented at the 9th International Conference on Electronics, Circuits, and 

Systems, Dubrovnik, Croatia, 18 September 2002. 

 

5. D. Binkley, M. Bucher, and D. Foty, “Design-Oriented Characterization of CMOS 

Over the Continuum of Inversion Level and Channel Length,” presented at the 7th 
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International Conference on Electronics, Circuits, and Systems, Kaslik, Lebanon, 18 

December 2000. 

 

6. G. Gildenblat, M. Bradford, and D. Foty, “A New MOS C-V Simulator for Low 

Temperature Applications,” presented at the Symposium on Low Temperature 

Electronics and High Temperature Superconductors, Honolulu, Hawaii, 20 May 

1993. 

 

 

Conference Panel Participation 

 

1. Member of Panel Discussion, 2nd Regional African Conference of the International 

Telecommunications Society, Lusaka, Zambia, 15 March 2018. 

 

2. Member of Panel Discussion, 12th International Conference on Synthesis, Modeling, 

Analysis, and Simulation Methods and Applications to Circuit Design, Istanbul, 

Turkey, 7 September 2015. 

 

3. Member of Panel Discussion, Future Wireless Telecommunications, “Telecosm,” 

Lake George, New York, 16 October 2007. 

 

4. Moderator of Panel Discussion, International Workshop on System-on-Chip, Banff, 

Alberta, Canada, 22 July 2005. 

 

5. Member of Panel Discussion, Custom Integrated Circuits Conference, San Jose, 

California, 23 September 2003. 

 

6. Co-moderator of Panel Discussion, Fabless Semiconductor Association Modeling 

Workshop, Santa Clara, California, 9 September 2002. 

 

7. Member of Panel Discussion, Workshop on Compact Modeling, International 

Conference on the Modeling and Simulation of Microsystems, San Juan, Puerto Rico, 

23 April 2002. 

 

8. Member of Panel Discussion, “Vermont’s High-Tech Future – Does it Have One?,” 

Room 11, the Statehouse, Montpelier, Vermont, 26 April 2001. 

 

9. Member of Panel Discussion, Fabless Semiconductor Association Quarterly Meeting, 

San Jose, California, 5 September 1999. 

 

10. Member of Panel Discussion, Fabless Semiconductor Association Modeling 

Workshop, San Jose California, 24 May 1999. 

 

11. Member of Panel Discussion, Symposium on Low Voltage-Low Power Integrated 

Circuits at the 1993 European Solid State Device Research Conference, Grenoble, 

France, 16 September 1993. 
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12. Member of Panel Discussion, Symposium on Low Temperature Electronics and High 

Temperature Superconductors, Honolulu, Hawaii, 19 May 1993. 

 

 

Invited Seminars/Lectures 

 

1. "Digital Semiconductor Electronics: Why It Happened, And Where It’s Going," short 

course hosted by the University of Pretoria, Pretoria, South Africa, 15 August 2011. 

 

2. “The Untold Story of ‘Moore’s Law’: Why It Happened,” short course hosted at the 

summer school of the Universitatea Politehnica Bucureşti, held in Iaşi, Romania, 4 – 

5 July 2011. 

 

3. "Some Background Thoughts On mm-Wave Radio Technology," seminar presented 

at the University of Pretoria, Pretoria, South Africa, 17 August 2010. 

 

4. "Digital Semiconductor-Based Electronics: Why It Became A Juggernaut," short 

course hosted by the University of Pretoria, Pretoria, South Africa, 16 August 2010. 

 

5. “Some Thoughts On mm-Wave Radio Technology,” short course hosted at the 

summer school of the Universitatea Politehnica Bucureşti, held in Oradea, Romania, 

13 July 2010. 

 

6. “Silicon-Based Semiconductor Electronics – How It Came To Dominate,” short 

course hosted at the summer school of the Universitatea Politehnica Bucureşti, held 

in Oradea, Romania, 12 July 2010. 

 

7. “The Powerful Entropy Challenge: Dealing With Power Consumption,” presented at 

the IEEE South Africa Section Meeting, Pretoria, South Africa, 18 August 2009. 

 

8. "Digital CMOS Electronics: The Background Story," short course hosted by the 

University of Pretoria, Pretoria, South Africa, 17 August 2009. 

 

9. “An Overview of mm-Wave Radio Technology,” short course hosted at the summer 

school of the Universitatea Politehnica Bucureşti, held in Iaşi, Romania, 13 July 

2009. 

 

10. “Modern Electronics: How We Got Here,” short course hosted at the summer school 

of the Universitatea Politehnica Bucureşti, held in Iaşi, Romania, 13 July 2009. 

 

11. “Prospects for mm-Wave Radio Technology:  An Overview,” short course hosted at 

the summer school of the Universitatea Politehnica Bucureşti, held in Oradea, 

Romania, 22 July 2008. 

 

12. “Into the NanoSmall:  The Unexpected Challenges,” short course hosted at the 

summer school of the Universitatea Politehnica Bucureşti, held in Oradea, Romania, 

22 July 2008. 
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13. “A Concise History of Modern Electron Devices,” short course hosted at the summer 

school of the Universitatea Politehnica Bucureşti, held in Oradea, Romania, 22 July 

2008. 

 

14. "Issues In mm-Wave Radio Systems:  Prospects and Challenges," short course hosted 

by the University of Pretoria, Pretoria, South Africa, 8 May 2008. 

 

15. "Prospects for mm-Wave Radio Technology:  An Executive Summary for Decision-

Makers," presented at the IEEE Region 8 meeting, University of Pretoria, Pretoria, 

South Africa, 8 May 2008. 

 

16. “The MOS Transistor, On a Tourist Visa,” short course hosted at the summer school 

of the Universitatea Politehnica Bucureşti, held in Iaşi, Romania, 16 July 2007. 

 

17. “Semiconductor Electronics:  Some Fundamental Background,” short course hosted 

at the summer school of the Universitatea Politehnica Bucureşti, held in Iaşi, 

Romania, 16 July 2007. 

 

18. “The MOS Transistor and CMOS Technology: Past, Present, and Future,” short 

course hosted by Tallinn University of Technology, Tallinn, Estonia, 13 – 14 

November 2006. 

 

19. “New Directions in Technology for High-Speed Wireless Data Communications,” 

seminar presented at the Universitatea Politehnica Bucureşti, Bucharest, Romania, 28 

July 2006. 

 

20. “The MOS Transistor and CMOS Technology: History as a Guide to the Future,” 

short course hosted at the summer school of the Universitatea Politehnica Bucureşti, 

held in Braşov, Romania, 25 July 2006. 

 

21. “The Underpinnings of the MOS Transistor and CMOS Technology in the 21st 

Century - Scaling Theory and New Methods in Analog/RF Design,” short course 

hosted by l'École Polytechnique de Montréal, Montréal, Québec, Canada; sponsored 

by ReSMiQ and the local IEEE Solid State Circuits Society chapter, 27 October 

2005. 

 

22. “The Underpinnings of the MOS Transistor and CMOS Technology in the 21st 

Century – Scaling Theory and New Methods in Analog/RF Design,” short course 

hosted by the Department of Electrical, Electronic, and Computer Engineering, 

University of Pretoria, Pretoria, South Africa, and sponsored by the IEEE South 

Africa Section, 9 – 10 May 2005. 

 

23. “What’s Ahead in High-Speed Wireless Data Communications? The Future Will Be 

Better Tomorrow – And Different Than What We’ve Been Expecting,” seminar 

presented at the Department of Electrical Engineering, University of Cape Town, 

Cape Town, South Africa, 7 May 2005. 
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24. “Low Temperature CMOS: A Bad Idea Whose Time Has (Finally) Come?”, seminar 

presented at the Department of Computer-Aided Design, L’viv Polytechnic National 

University, L’viv, Ukraine, 28 February 2005. 

 

25. “The Underpinnings of the MOS Transistor and CMOS Technology in the 21st 

Century – Scaling Theory and New Methods in Analog/RF Design,” Full-day 

“Eurotraining” course, held at the Danish Technical University, Lyngby, Denmark, 

27 October 2004. 

 

26. “The Underpinnings of the MOS Transistor and CMOS Technology in the 21st 

Century – Scaling Theory and New Methods in Analog/RF Design,” Full-day 

“Eurotraining” course, held at the Politechnico di Torino, Turin, Italy, 25 October 

2004. 

 

27. “CMOS Scaling and Low Temperature CMOS: A Bad Idea Whose Time Has 

Come?”, seminar presented at the Department of Electrical and Computer 

Engineering, Oakland University, Auburn Hills, Michigan, 25 March 2004. 

 

28. “Modernizing the Interpretation of the MOS Transistor for the 21st Century: 

Generalized Methods and Their Extension to Nanotechnology,” presented at the 

IEEE Southeast Michigan Spring Section Meeting, Auburn Hills, Michigan, 24 

March 2004. 

 

29. “Re-Interpreting the MOS Transistor for the 21st Century: Generalized Methods and 

Their Extension to Nanotechnology,” seminar presented at Tallinn Technical 

University, Tallinn, Estonia, 13 November 2003. 

 

30. “Re-Interpreting the MOS Transistor for the 21st Century: Generalized Methods and 

Their Extension to Nanotechnology,” seminar presented at Helsinki University of 

Technology, Espoo, Finland, 7 November 2003. 

 

31. “A Practical Examination of MOS Transistor Model ‘Accuracy’ in Modern CMOS 

Technology,” presented at the MOS Arbeitskreis Meeting, Crolles, France, 5 May 

2003. 

 

32. “Building a New Framework for Deep Submicron Analog/RF CMOS Design – and 

Beyond,” invited seminar presented at the Department of Electrical Engineering, 

Columbia University, New York, New York, 25 April 2003. 

 

33. “A New Framework for Deep Submicron Analog/RF CMOS Design – and Beyond,” 

seminar presented at the Department of Electrical and Computer Engineering, 

Georgia Institute of Technology, Atlanta, Georgia, 20 March 2003. 

 

34. “Starting Over: Modernizing the Framework for Deep Submicron Analog CMOS 

Design,” seminar presented at the Nokia Research Center, Helsinki, Finland, 29 

November 2002. 
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35. “Modernizing the Framework for Deep Submicron Analog CMOS Design,” 

Distinguished Guest Lecturer, IEEE Baltic Region Meeting (sponsored by Tallinn 

Technical University), Sagadi, Estonia, 19 – 20 August 2002. 

 

36. “Modernizing the Framework for Deep Submicron Analog CMOS Design,” seminar 

presented at Helsinki University of Technology, Espoo, Finland, 16 August 2002. 

 

37. “gm/Id-Based MOSFET Modeling and Modern Analog Design,” presented at the 

MOS Arbeitskreis Meeting, Ünterpremstatten, Austria, 19 November 2001. 

 

38. “MOS Modeling and Analog Circuit Design,” lecture as part of “Practical Aspects of 

Analog Design,” professional short course sponsored by Mead Microelectronics, San 

Francisco, California, 13 November 2001. 

 

39. “MOS Modeling and Analog Circuit Design,” lecture as part of “Transistor-Level 

Analog IC Design,” professional short course sponsored by Mead Microelectronics, 

Lausanne, Switzerland, 10 October 2001. 

 

40. “Please Stop Imitating Us!’ – An Engineer Looks at the (Unstable) State of the 

Humanities,” presented at a meeting of the National Association of Scholars, 

Burlington,Vermont, 14 July 2001. 

 

41. “Introduction to the Fabless Semiconductor Association (FSA) and the Modeling 

Committee Activities,” presented at the MOS Arbeitskreis Meeting, Munich, 

Germany, 5 March 2001. 

 

42. “The EKV MOSFET Model: A MOS Model of, by, and for Analog Designers,” 

presented at Broadcom Corp., Irvine, California, 30 November 2000. 

 

43. “Modeling and Simulation for Mixed-Signal IC Design,” lecture as part of 

“Transistor-Level Analog IC Design,” professional short course sponsored by Mead 

Microelectronics, Lausanne, Switzerland, 27 September 2000. 

 

44. “MOS Models as a Factor in the Quality of Electronic Design,” presented at the 

Rockwell Scientific Center, Thousand Oaks, California, 17 March 2000. 

 

45. “MOS Models as a Factor in the Quality of Electronic Design,” presented at Micron 

Technology, Inc., Boise Idaho, 4 March 2000. 

 

46. “Modeling and Simulation for Mixed-Signal IC Design,” lecture as part of “Practical 

Aspects of Analog and Mixed-Signal ICs,” professional short course sponsored by 

Mead Microelectronics, Monterey, California, 3 February 2000. 

 

47. “Modeling and Simulation for Mixed-Signal IC Design,” lecture as part of 

“Transistor-Level Analog IC Design,” professional short course sponsored by Mead 

Microelectronics, Lausanne, Switzerland, 30 September 1999. 
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48. “AC Simulation Aspects of MOS Modeling,” presented at the Fabless Semiconductor 

Association Modeling Workshop, San Jose, California, 25 May 1999. 

 

49. D. Foty, M. Bucher, and C. Enz, “The EKV MOSFET Model – A MOS Model for 

the Analog Designer,” presented at the Fabless Semiconductor Association Modeling 

Workshop, San Jose, California, 25 May 1999. 

 

50. Several lectures on MOS device physics, modeling, and analog design, presented at 

Mentor Graphics, Heliopolis, Cairo, Egypt, 5 – 8 May 1999. 

 

51. “A Brief History of MOS Modeling (or, How We Got In This Mess In the First 

Place),” presented at Philips Research Laboratories, Eindhoven, The Netherlands, 24 

March 1999. 

 

52. “An Overview of MOS Modeling for SPICE Circuit Simulation,” presented at Mitel 

Corporation, Bromont, Québec, Canada, 2 February 1999. 

 

53. “Modeling and Simulation for Mixed-Signal IC Design,” lecture as part of “Practical 

Aspects of Analog and Mixed-Signal ICs,” professional short course sponsored by 

Mead Microelectronics, Monterey, California, 12 December 1998. 

 

54. “MOS Modeling Challenges for Deep Submicron CMOS,” lecture presented as part 

of “Deep Submicron CMOS Design,” professional short course sponsored by Mead 

Microelectronics, Lausanne, Switzerland, 12 October 1998. 

 

55. “Modeling the Temperature-Dependent Characteristics of MOSFETs for Circuit 

Simulation,” presented at the Electronic Parts Selection and Management Workshop, 

Center for the Analysis of Life-Cycle Engineering, University of Maryland, College 

Park, Maryland, 17 June 1998. 

 

56. “A Primer on Trench Isolation Technology (or, Why Do Process Engineers Hate 

Circuit Designers?),” presented at the Fabless Semiconductor Association Modeling 

Subcommittee Meeting, Opti, Inc., Milpitas, California, 12 May 1998. 

 

57. C. Enz, M. Bucher, and D. Foty, “The EKV MOSFET Model for Analog and Mixed-

Mode Circuit Design,” satellite broadcast class, National Technological University 

(hosted by North Carolina State University, Raleigh, North Carolina), 30 April 1998. 

 

58. “MOS Modeling Challenges for Deep Submicron CMOS Circuit Simulation,” 

presented at Digital Equipment Corporation, Hudson, Massachusetts, 13 April 1998. 

 

59. “Challenges for 0.25µm CMOS Circuit Design: Scaling, MOS Modeling, and 

Complexity,” presented at CERN, Geneva, Switzerland, 6 February 1998. 
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60. “MOS Modeling Challenges for Deep Submicron CMOS,” lecture presented as part 

of “Deep Submicron CMOS Design,” professional short course sponsored by Mead 

Microelectronics, Monterey, California, 11 December 1997. 

 

61. C. Enz, M. Bucher, and D. Foty, “The EKV MOSFET Model for Analog and Mixed-

Mode Circuit Design,” one-day short course sponsored by the Fabless Semiconductor 

Association, San Jose, California, 8 November 1997. 

 

62. “MOS Modeling Issues in the Emerging Analog and Low Power Era,” presented 

Taiwan Semiconductor Manufacturing Company, Hsinchu, Taiwan, 27 August 1997. 

 

63. “Current Problems in MOSFET Modeling for Analog Circuit Simulation,” presented 

at Level One Communications, Inc., Sacramento, California, 9 August 1997. 

 

64. Guest lecturer, Centre National pour les Récherches Scientifique (CNRS) Summer 

Lecture Series, La Londe des Maures, France, 23 – 28 June 1997. 

 

65. “MOSFET Modeling and Analog Circuit Design,” presented at the Centre National 

pour les Récherches Scientifique (CNRS) Summer Lecture Series, La Londe des 

Maures, France, 27 June 1997. 

 

66. “Benchmarking and Pre-Screening SPICE FET Models for Circuit Simulation 

Usage,” presented at the Fabless Semiconductor Association Modeling Subcommittee 

Meeting, Adaptec, Inc., Milpitas, California, 6 May 1997. 

 

67. “Benchmarking and Pre-Screening SPICE FET Models for Circuit Simulation 

Usage,” presented at Cirrus Logic, Inc., Fremont, California, 6 May 1997. 

 

68. “MOSFET Modeling and SPICE: Are You an Educated Model Consumer?,” 

presented at Cirrus Logic, Inc., Fremont, California, 6 May 1997. 

 

69. “MOS Modeling and SPICE: Are You an Educated Model Consumer?,” satellite 

broadcast class, National Technological University (hosted by North Carolina State 

University, Raleigh, North Carolina), 21 April 1997. 

 

70. “An Overview of the SPICE FET Modeling Infrastructure” lecture presented as part 

of “Modeling and Simulation of MOS Analog ICs,” professional short course 

sponsored by Mead Microelectronics, Lausanne, Switzerland, 18 February 1997. 

 

71. “An Overview of the SPICE FET Modeling Infrastructure” lecture presented as part 

of “Modeling and Simulation of MOS Analog ICs,” professional short course 

sponsored by Mead Microelectronics, Monterey, California, 12 December 1996. 

 

72. “Analytical MOSFET Modeling and SPICE - Past, Present, and Future”, seminar 

presented at the Department of Electrical Engineering, Ohio State University, 

Columbus, Ohio, 9 May 1995. 
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73. “Constraints on CMOS Technology for Low Voltage/Low Power Applications”, 

seminar presented at the Department of Electrical Engineering, Ohio State University, 

Columbus, Ohio, 8 May 1995. 

 

74. “Submicron FET Design: Physical Considerations and Technological Choices”, 

seminar presented at the Electrical Engineering Department, University of Hawaii, 

Honolulu, Hawaii, 24 May 1993. 

 

75. “Aspects of the Design of Deep Submicron FETs for CMOS Operation at 300K and 

77K”, seminar presented at the Department of Electrical Engineering, Pennsylvania 

State University, University Park, Pennsylvania, 10 November 1992. 

 

 

PROFESSIONAL AFFILIATIONS & AWARDS 

 

Honorary Member of the Applied Radio Electronics Science Academy of Ukraine 

 

Senior Member, The Institute of Electrical and Electronic Engineers (IEEE); and of the 

Electron Devices, Lasers and Electro-Optics, Circuits and Systems, and Communications 

Societies of the IEEE. 

 

Reviewer/evaluator of funding proposals, Natural Science and Engineering Research 

Council of Canada, 1991 - present. 

 

Reviewer/evaluator of funding proposals, California MICRO program, 2001 - present. 

 

Reviewer/evaluator of funding proposals, National Research Foundation of South Africa, 

2007- present. 

 

 

Industrial and Academic Mentoring 

 

Member of the Advisory Board, Department of Electrical, Electronic & Computer 

Engineering, University of Pretoria, South Africa, 2012 – present. 

 

Advisor to the Tshwane University of Technology, Pretoria, South Africa, 2007 - present. 

 

Advisor to the University of Pretoria, Pretoria, South Africa, 2005 – present. 

 

Advisor to the Tallinn University of Technology, Tallinn, Estonia, 2004 – present. 

 

Industrial Mentor for “Development and Applications of a New MOS C-V Simulator for 

the 2 - 300K Temperature Range” (Professor Gennady Gildenblat, Principal Investigator, 

Department of Electrical Engineering, Pennsylvania State University, University Park, 

Pennsylvania), funded by the IBM Shared University Research Contract program, 

calendar year 1992. 
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Committees/Conferences 

 

1. Member of the Organizing Committee, and Chair of the Track on Electromagnetics 

and Antennas, Africon 2011, Victoria Falls, Zambia, September 2011. 

 

2. Member of the Organizing Committee, and Chair of the Track on Electron Devices 

and Circuits, Africon 2009, Nairobi, Kenya, September 2009. 

 

3. Session Chair, 31st International Conference on Semiconductor Physics, Sinaia, 

Romania, 14 October 2008. 

 

4. Session Chair, Africon 2007, Windhoek, Namibia, 27 September 2007. 

 

5. Session Chair, 13th International Conference on the Mixed Design of Integrated 

Circuits and Systems, Gdynia, Poland, 24 June 2006. 

 

6. Session Chair, International Workshop on System-on-Chip, Banff, Alberta, Canada, 

22 July 2005. 

 

7. Session Chair, 7th International Symposium on Signals, Circuits, and Systems, 4Iaşi, 

Romania, 15 July 2005. 

 

8. Member of the Scientific Committee, European Conference on Circuit Theory and 

Design (ECCTD), 2005. 

 

9. Special Session Organizer, 12th International Conference on the Mixed Design of 

Integrated Circuits and Systems, Krakow, Poland, 22 - 25 June 2005. 

 

10. Special Session Organizer, International Symposium on Industrial Electronics, 

Dubrovnik, Croatia, 20 – 23 June 2005. 

 

11. Session Chair, 12th International Conference on Telecommunications, Cape Town, 

South Africa, 4 – 6 May 2005. 

 

12. Session Chair, 11th International Conference on Electronics, Circuits, and Systems, 

Tel Aviv, Israel, 13 - 15 December 2004. 

 

13. Session Chair, the 12th International Symposium on Electron Devices for Microwave 

and Optoelectronic Applications, Berg-en-Dal, Kruger National Park, South Africa, 8 

- 9 November 2004. 

 

14. Member of the International Program Committee, International Conference on Mixed 

Design of Integrated Circuits and Systems, 2004 – present. 

 

15. Member of the Technical Program Committee, International Symposium on Signals, 

Circuits, and Systems, 2004 – present. 
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16. Special Session Organizer, 11th International Conference on Electronics, Circuits, 

and Systems, Tel Aviv, Israel, 13 – 15 December 2004. 

 

17. Session Chair, 4th Electronic Circuits and Systems Conference, Bratislava, Slovakia, 

11 – 12 September 2003. 

 

18. Member of the Scientific Committee, European Conference on Circuit Theory and 

Design (ECCTD), 2003. 

 

19. Session Chair, 9th International Conference on Electronics, Circuits, and Systems, 

Dubrovnik, Croatia, 16 - 18 September 2002. 

 

20. Member, Analog Signal Processing Technical Committee, IEEE Circuits and 

Systems Society, 2002 – present. 

 

21. Member, Program Committee, Analog Circuits and Signal Processing, International 

Symposium on Circuits and Systems (ISCAS), 2002 – present. 

 

22. Session Chair, International Symposium on Quality Electronic Design, San Jose, 

California (ISQED), 18 – 20 March 2002. 

 

23. Chairman, Modeling Subcommittee, Fabless Semiconductor Association, 2001 – 

2003. 

 

24. Chairman, Fabless Semiconductor Association Modeling Workshop, 2001 – present. 

 

25. Member of Technical Program Committee, European Conference on Circuit Theory 

and Design (ECCTD), 2001. 

 

26. Member, IEEE Advisory Committee, 2001 – present. 

 

27. Member of the Organizing Committee, International Symposium on Quality 

Electronic Design (ISQED), 2000 – 2002. 

 

28. Member of the Modeling Committee, International Symposium on Quality Electronic 

Design (ISQED), 2000 – 2002. 

 

29. Chairman of the Modeling Committee, International Symposium on Quality 

Electronic Design (ISQED), 2001. 

 

30. Session Chair, International Symposium on Quality Electronic Design, San Jose, 

California (ISQED), 26 – 28 March 2001. 

 

31. Lead Organizer, Fabless Semiconductor Association Workshop, 2000 – present. 

 

32. Member of the MOS Arbeitskreis, 2000 – present. 
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33. Co-Chairman, Modeling Subcommittee, Fabless Semiconductor Association, 1999 – 

2000. 

 

34. Member of the Executive Committee, Modeling Subcommittee, Fabless 

Semiconductor Association, 1998 – present. 

 

35. Member, Modeling Subcommittee, Fabless Semiconductor Association, 1996 – 

present. 

 

36. Organizer, Symposium on Low Temperature Electronics and High Temperature 

Superconductors, Honolulu, Hawaii, 16 - 21 May 1993. 

 

37. Organizer, Symposium on the Physics and Fabrication of Semiconductor 

Nanostructures, Washington DC, 5 - 10 May 1991. 

 

38. Lead Organizer, Symposium on Low Temperature Electronic Device Operation, 

Washington DC, 5 - 10 May 1991. 

 

39. Co-Chaired the Symposium on Low Temperature Electronics, Materials, and 

Processing, Hollywood, Florida, 17 October 1989. 
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IN THE UNITED STATES DISTRICT COURT 
FOR THE WESTERN DISTRICT OF TEXAS 

WACO DIVISION 
 

 
BiTMICRO LLC,  
 

Plaintiff, 
 

v. 
 
KIOXIA AMERICA, INC.  
and KIOXIA CORPORATION,  
 

Defendants.  
 

  
 
Civil Action No.:  6:22-cv-00331-ADA 
 
 
 
 

 

BiTMICRO LLC,  
 

Plaintiff, 
 

v. 
 
INTEL CORPORATION,  
 

Defendant.  
 

  
 
Civil Action No.:  6:22-cv-00335-ADA 
 
 
 
 

 

 
DECLARATION OF RICHARD LIN IN SUPPORT OF 

PLAINTIFF BITMICRO LLC’S RESPONSIVE CLAIM CONSTRUCTION BRIEF 

I, Richard Lin, declare as follows: 

1. I am a partner at Bunsow De Mory LLP and represent Plaintiff BiTMICRO LLC 

(“BiTMICRO”) in the above-captioned action.  I am a member of the bar of the State of 

California and admitted to practice before this Court pro hac vice.  I have personal knowledge of 

the matters stated in this declaration and would testify truthfully to them if called upon to do so. 

2. Attached hereto as Exhibit 1 is a true and correct copy of U.S. Patent No. 

6,496,939. 
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3. Attached hereto as Exhibit 2 is a true and correct copy of U.S. Patent No. 

9,977,478. 

4. Attached hereto as Exhibit 3 is a true and correct copy of the Claim Construction 

Order in ViaTech Techs., Inc. v. Adobe Inc., Case No. 20-358-RGA (D. Del.), Dkt. 86, dated 

November 1, 2021. 

5. Attached hereto as Exhibit 4 is a true and correct copy of U.S. Patent No. 

7,826,243. 

6. Attached hereto as Exhibit 5 is a true and correct copy of the Certificate of 

Correction for U.S. Patent No. 7,826,243 issued by the United States Patent and Trademark 

Office. 

7. Attached hereto as Exhibit 6 is a true and correct copy of U.S. Patent No. 

8,010,740. 

8. Attached hereto as Exhibit 7 is a true and correct copy of excerpts from The 

Authoritative Dictionary of IEEE Standards Terms (7th ed. 2000). 

9. Attached hereto as Exhibit 8 is a true and correct copy of an Office Action in the 

file history for U.S. Patent No. 8,010,740, dated October 25, 2010. 

10. Attached hereto as Exhibit 9 is a true and correct copy of a Reply and 

Amendment to First Office Action in the file history for U.S. Patent No. 8,010,740, dated 

February 25, 2011. 

11. Attached hereto as Exhibit 10 is a true and correct copy of the Notice of 

Allowability in the file history for U.S. Patent No. 8,010,740. 

12. Attached hereto as Exhibit 11 is a true and correct copy of U.S. Patent No. 

9,135,190. 
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13. Attached hereto as Exhibit 12 is a true and correct copy of U.S. Patent No. 

9,858,084. 

14. Attached hereto as Exhibit 13 is a true and correct copy of U.S. Patent No. 

10,120,694. 

15. Attached hereto as Exhibit 14 is a true and correct copy of excerpts from 

Merriam-Webster’s Collegiate Dictionary (10th ed. 1999). 

16. Attached hereto as Exhibit 15 is a true and correct copy of excerpts from the 

Microsoft Computer Dictionary (5th ed. 2002). 

17. Attached hereto as Exhibit 16 is a true and correct copy of the rough transcript 

for the deposition of Donald Alpert, taken on November 28, 2022.  Due to the timing of the 

deposition, a final transcript of the deposition is not yet available as of the date of this 

declaration.  This document has been designated Confidential – Outside Attorney’s Eyes Only. 

18. Attached hereto as Exhibit 17 is a true and correct copy of a document entitled 

“Embedded Peripherals IP User Guide,” Version 2022.03.28, available for download from the 

Intel Corporation (“Intel”) website at the URL: 

https://www.intel.com/content/www/us/en/docs/programmable/683130/22-1/introduction.html. 

19. Attached hereto as Exhibit 18 is a true and correct copy of a document produced 

by Intel in this action entitled “Taylorsville Client SSD with Tisdall ASIC, Architecture 

Specification,” with Bates numbering 96800D0C00021624 through 96800D0C00021734.  This 

document has been designated Confidential – Outside Attorney’s Eyes Only. 

20. Attached hereto as Exhibit 19 is a true and correct copy of a document produced 

by Intel in this action entitled “Fultondale SSD Drive with Sage Peak ASIC, Architecture 
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Specification,” with Bates numbering 96800D0C00022044 through 96800D0C00022348.  This 

document has been designated Confidential – Outside Attorney’s Eyes Only. 

21. Attached hereto as Exhibit 20 is a true and correct printout of a web page from 

The Free Dictionary at the URL: https://www.thefreedictionary.com/descriptor  

22. Attached hereto as Exhibit 21 is a true and correct printout of a web page from 

TechTerms.com at the URL: https://techterms.com/definition/dma  

23. Attached hereto as Exhibit 22 is a true and correct printout of an article entitled 

“Using Intelligent Peripherals to Improve CPU Efficiency” available on the Internet at the URL: 

https://www.digikey.com/en/articles/using-intelligent-peripherals-to-improve-cpu-efficiency  

24. Attached hereto as Exhibit 22 is a true and correct copy of an article entitled 

“Using Intelligent Peripherals to Improve CPU Efficiency,” written by Warren Miller, dated 

April 16, 2014. 

I declare under penalty of perjury that the foregoing is true and correct.  Executed this 

30th day of November, 2022 at Redwood City, California. 

/s/ Richard Lin  
Richard Lin 
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(57) ABSTRACT 

A method and system for controlling data in a computer 
system when the computer system loses power is disclosed. 
The method and system comprises activating a plurality of 
super capacitors to supply power to the computing engine 
based upon power being removed from the computer system 
and reconfiguring the data in the computing engine. Through 
the use of a system and method, large amounts of newly 
written and modified data can be stored from the volatile 
memory to the non-volatile memory in the event of a sudden 
external system power loss. The system and method allows 
data to be rapidly and irretrievably erased from the non­
volatile memory automatically, in the event of a sudden loss 
of external power, or manually. This capability consumes 
minimal space and weight and is implemented in an afford­
able manner. 
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METHOD AND SYSTEM FOR 
CONTROLLING DATA IN A COMPUTER 
SYSTEM IN THE EVENT OF A POWER 

FAILURE 

2 
Normally when data is erased from a HDD, only the 

information to track the location of the files on the physical 
disk media is removed. This means that it is possible to 
retrieve the data by reconstructing the File Allocation Table 

FIELD OF INVENTION 

The present invention relates generally to computer sys­
tems and more particularly to a system and method for 
controlling data in such a system when the system loses 
external power. 

5 (FAT). Some HDD erase utilities overwrite the actual data so 
that it cannot be easily recovered. However, due to the 
remnants of magnetic particle polarization, it is possible to 
recover data from a HDD even though the data has been 
deliberately overwritten. In order to prevent such data 

10 recovery, each storage element needs to be overwritten with 
specific data patterns repeatedly five or six times. To do this 
for every bit on a high capacity HDD take a very long time. 

BACKGROUND OF THE INVENTION Accordingly, what is needed is a method for providing 
power to the computer system in the event of a sudden loss Most modern computer systems utilize various types of 

memory for handling data. A typical computer system con­
sists of a central processing unit ( CPU), cache memory, main 
memory, and long-term data storage such as a hard disk 
drive (HDD). Cache memory is significantly faster than 
main memory but has much less data capacity and more 
costly. Similarly main memory is significantly faster than a 
HDD, but also stores significantly less data and is more 
costly. Cache memory is very high speed memory designed 

15 of power such that all newly written and modified data in the 
VM will be correctly stored in the non-volatile storage. 
What is further needed is method for rapidly erasing all data 
from a large non-volatile storage without the possibility of 
Do retrieval even in the event of a sudden loss of power. The 

20 method should be affordable and consume minimal space 
and weight. The present invention addresses such a need. 

to hold upcoming to-be-accessed and/or recently-accessed 
data. Data retrieved from the relatively slow HDD may be 

25 
still be resident in the cache or in the main memory, thus the 
CPU can re-access that data from the cache many times 
faster than from main memory and hundreds of times faster 
than from the HDD. However, cache memory and main 
memory are characterized as volatile memory. Volatile 

30 
memory (VM) is memory that contains data that is subject 
to erasure when the external power supply is shut down. A 
HDD is characterized as a non-volatile storage. 

SUMMARY OF THE INVENTION 

The present invention discloses a method and system for 
controlling data in a computer system when the computer 
system loses power, the computer system comprising a 
computing engine. The method and system comprises acti­
vating a plurality of super capacitors to supply power to the 
computing engine based upon power being removed from 
the computer system and reconfiguring the data in the 
computing engine. 

Through the use of a system and method in accordance 
with the present invention, a user is able to correctly store Consequently, the first problem that is encountered in this 

environment is that when there is an sudden loss of external 
power there is insufficient time to safely write all the newly 
written and modified data from the VM to the HDD before 
the computer system shuts down. This poses a significant 
risk on the customer's data contained in the VM. Perhaps a 
very small amount of data could be safely saved to the HDD 
during the limited time available from detection to shut­
down. However this would place a severe restriction on the 
amount of newly written and modified data that could be 
held in the VM which would basically eliminate the perfor­
mance gains achieved by using the VM. 

35 large amounts of newly written and modified data from the 
volatile memory to the non-volatile memory in the event of 
a sudden external system power loss. Furthermore, the user 
of a system and method in accordance with the present 
invention will be able to rapidly and irretrievably erase data 

40 from the non-volatile memory automatically, in the event of 
a sudden loss of external power or manually. This capability 
consumes minimal space and weight and is implemented in 
an affordable manner. 

A battery could be coupled to the internal power system, 
however the use of batteries pose significant problems. 
Batteries have a limited number of charge-drain cycles, have 

45 

a large internal resistance, and are physically very large and 
heavy. Additionally a HDD consumes significant amounts of 50 

power. The size and capacity of the batteries needed to 
supply power to the CPU, VM and HDD make them 
impractical. Alternatively a battery-backed uninterruptible 
power supply (UPS) could be connected in series with the 
external power source to provide power to the entire com- 55 

puter system in the event of a loss of external power. 
However, an UPS is physically large, heavy and relatively 
expensive. 

Another significant problem associated with conventional 
computer technology is the ability to erase data from a HDD. 60 

Erasing all data from a disk, rapidly, and without the 
possibility of retrieval, is a mandatory requirement as an 
action of last resort for many applications. For example, if 
the data being stored is particularly valuable or otherwise 
sensitive and imminent access by hostile parties cannot be 65 

avoided, then the data must be destroyed instantaneously 
and irretrievably. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a system in accordance with the present 
invention. 

FIG. 2 is a high-level flowchart of the first aspect of the 
method in accordance with the present invention. 

FIG. 3 is a flowchart of the operation of the first aspect of 
the method in accordance with the present invention. 

FIG. 4 is a high-level flowchart of the second aspect of the 
method in accordance with the present invention. 

FIG. 5 is a flowchart of the operation of the first aspect of 
the method in accordance with the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention provides a method and system for 
controlling data in a computer system. The following 
description is presented to enable one of ordinary skill in the 
art to make and use the invention and is provided in the 
context of a patent application and it requirements. Various 
modifications to the preferred embodiment will be readily 
apparent to those skilled in the art and the generic principles 
herein may be applied to other embodiments shown but it is 
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to be accorded the widest scope consistent with the prin­
ciples and features described herein. 

The method and system in accordance with the present 
invention contemplates the use of super-capacitors as a short 
term power source. With the advent of low cost super­
capacitors available in values to over 10 Farads, large 
amounts of energy can be affordably stored internally in a 
very small space to use as a short term power source to 
extend operations well beyond a detected loss of external 
system power. The extended length of time can range from 
a few hundred milliseconds to tens of seconds depending on 
the value, quantity and configuration of the super-capacitors. 

To further understand the method and system in accor­
dance with the present invention please refer to the formula 
I=C dv/dt (Current in amperes is equal to the No Capaci­
tance in Farads times the change in voltage in Volts divided 

4 
and also prevent damage to SC 34 and the associated 
circuitry 30, 32, 36, 38, 42. 

Although this invention is described in the context of 
utilizing three voltage converters, one of ordinary skill in the 

5 art will readily recognize that a variety of voltages could be 
used in this system. Accordingly, the number of converters 
utilized could vary without departing from the spirit and 
scope of the present invention. 

The method and system in accordance with the present 
10 invention is now disclosed in the context of a preferred 

embodiment. A first aspect of the preferred embodiment 
ensures that all data in the volatile memory are stored into 
the non-volatile memory without being lost or corrupted for 
all instances of power loss. A second aspect of the preferred 

15 embodiment of the method and system in accordance with 
the present invention allows a user to securely erase all the 
data in the non-volatile memory quickly and irretrievably 
either automatically or manually regardless of the availabil-

by the change in time in seconds), or dt=C dv/1 . In order to 
increase the time, one can reduce the current, increase the 
amount of capacitance, or increase the change in voltage 
across the super-capacitor. The amount of capacitance is 20 

limited by the physical space of the enclosure and the current 
draw is fixed based on the operations that are taking place 
when the system in accordance with the present invention is 
activated. However, by increasing the voltage change of the 
capacitors, the amount of time available for the computer 
system to complete those operations is increased accord­
ingly. 

ity of external power. 
The method and system in accordance with the present 

invention preferably incorporates a three position manual 
switch 44, preferably located on the mechanical assembly 
containing the super capacitors and the associated circuitry, 
which allows the user to select 1 of 3 modes of operation, 

25 save mode, erase mode, and standby mode. Furthermore, a 
pushbutton 46 may be incorporated to permit the user to 
utilize the super-capacitor power source and command the 
CE 28 to erase all data from the non-volatile memory. To more specifically understand the method and system of 

the present invention refer now to the following detailed 
description of a preferred embodiment of a system 20 in 
accordance with the present invention along with the accom­
panying FIG. 1. The computing engine CE 28 containing the 
processor, volatile and non-volatile memory, is supplied 
power from the external power source EPS 22 through the 
power isolator PI 26. The PI 26 isolates the CE 28 from the 
EPS 22. Power sensors 24 are implemented to notify the CE 
26 of any sudden loss of power from the EPS 22. 

An up-converter 32 is coupled to a plurality of super­
capacitors SC 34 in order to convert the voltage supplied by 
the EPS 22 and charge the super-capacitors 34. Two charge 
level sensors 30 inform the CE 28 when the SC 34 are 
partially and fully charged. Once the SC 34 are fully 
charged, the demand for current is minimal and the charging 
circuit goes into trickle charge mode to keep the SC 34 at 
their peak charge value. A down converter DC 42 is also 
coupled to the SC 34 to convert the voltage from the SC 34 
to supply power to the CE 28. 

30 
Although this invention is described in the context of 

utilizing a switch and pushbutton, one of ordinary skill in the 
art will readily recognize that a variety of methods to 
accomplish the same tasks could be used in this system. 
Accordingly, the switch and or pushbutton could be mounted 

35 
externally from the system without departing from the spirit 
and scope of the present invention. 

If the system is operating in save mode, the first aspect of 
the present invention is implemented wherein all data is 
automatically transferred from volatile memory to the non-

40 volatile memory in the event of a sudden power loss from 
the external power source. 

If the system is in erase mode, the second aspect of the 
present invention is implemented wherein all data is com­
pletely and irretrievably erased from the non-volatile 

45 memory in the event of a sudden power loss from the 
external power source. 

Preferably, the SC 34 chosen have an operating tempera­
ture range from -40° C. to +85° C. since many computer 50 

systems have an operating temperature range from -40° C. 

In the save and erase modes, the super-capacitors will 
continue to discharge and power the computer system even 
after all the data has been transferred until the down­
converter has insufficient voltage differential to continue 
proper operation and shuts down thus turning off the com­
puter system. This will typically be only a few seconds. to +85° C. If the SC 34 chosen have a higher minimum 

operating temperature, temperature sensors and controls 38 
are utilized to activate thermal heaters 36 once the tempera­
ture falls below 0° C. to keep the SC 34 from becoming too 55 

cold. The heaters 36 are powered by the SC 34, but once the 
SC 34 fall below full charge, the temperature control circuit 
38 is overridden and the heaters 36 are turned off to preserve 
the power stored in the super-capacitors 34. Additionally, a 
signal from the temperature sensors and controls 38 is sent 60 
to CE 28 warning that the SC 34 are below their minimum 
operating temperature. 

Finally, if the system is in standby mode, the system will 
shut down when external power source is shut down, how­
ever the charge is maintained in the super-capacitors after 
the power is removed from the system. This mode incorpo-
rates a pushbutton which when depressed, will activate the 
super-capacitors to power up the system while simulta­
neously activating an erase command. This standby mode 
permits the system to be removed from the external power 
source and transported for an extended amount of time, 
while maintaining the ability to erase all the non-volatile 
memory if the pushbutton is depressed. If the SC 34 and the associated circuitry 30, 32, 36, 38, 42 

are configured as a removable option to the system 20 a 
safety circuit 40 is necessary to automatically and fully 
discharge the super-capacitors 34 into a load resistor when 
they are removed. This will prevent injury to the technician 

Although this invention is described in the context of the 
65 utilization of a manual switch and pushbutton, one of 

ordinary skill in the art will readily recognize that a variety 
of methods could be utilized while staying within the spirit 
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method and system in accordance with the present invention 
has the ability to irretrievably erase the entire contents of a 
large non-volatile memory hundreds of times faster than a 
conventional rotational hard disk drive. This is accom-

and scope of the invention. For example, the concept of a 
manual pushbutton can easily be extended to a wireless 
pushbutton wherein a system fitted with the present inven­
tion containing a wireless receiver can be commanded to 
erase from a separate location. 5 plished by erasing many non-volatile memory chips in 

parallel. Consequently, the speed at which an entire non­
volatile memory can be erased is only limited by the 
available power to the non-volatile memory chips. 

To more particularly describe the "save mode" feature of 
the method in accordance with the present invention, please 
refer to flowchart of FIG. 2. If a system is in "save mode" 
and is subsequently subjected to a sudden power loss, first, 
the super-capacitors are activated to maintain the internal 10 
power of the system, via step 50. Finally, data from the 
volatile memory is transferred to the non-volatile memory, 
via step 52. Through the use of the method in accordance 
with the present invention, a user is able to quickly and 
correctly transfer all data from volatile memory to non- 15 
volatile memory in the event of a sudden power loss. 

To better understand the operation of the "save mode" 
feature of the method in accordance with the present 
invention, please refer to the flowchart of FIG. 3. First, once 
the computer system detects that the external system power 20 
has fallen below a certain threshold amount via the power 
sensors, the up-converter is deactivated, via step 100. Next, 
the down-converter is activated to maintain the internal 
power of the system, via step 102. This reverses the flow of 
current between the computer system and the super- 25 
capacitors. The super-capacitors then begin to slowly dis­
charge current to the computer system through the down­
converter, via step 104. Then the computer system is isolated 
from the external power source, via step 105. This prevents 
any contention between the external power source and the 30 
down-converter. The rate of discharge depends on the 
amount of capacitance and the amount of current needed by 
the computer system. While the computer system is receiv­
ing current from the super-capacitors, data is transferred 
from the volatile memory to the non-volatile memory, via 35 
step 106. Next, the two charge level sensors inform the 
computer system that the super-capacitor voltage has fallen 
below the fully charged and partially charged levels, via step 
108. Finally, once the super-capacitors discharge to a pre­
determined level, the down-converter has insufficient volt- 40 
age differential to continue proper operation and shuts down, 
thus turning off the power to the computer system, via step 
110. 

To more particularly describe the "erase mode" feature of 
the method in accordance with the present invention, please 
refer to flowchart of FIG. 4. If a system is in "erase mode" 
and is subsequently subjected to a sudden power loss, first, 
the super-capacitors are activated to maintain the internal 
power of the system, via step 200. Then an erase command 
is executed until completed, via step 202. Since the super­
capacitors are preferably able to provide a significant 
amount of power to the computer system for a sufficient 
period of time, the method and system in accordance with 
the present invention has the ability to complete the entire 
erase operation in the event of a external system power loss. 

To further understand the operation of the "erase mode" 
feature of the method in accordance with the present 
invention, please refer to the flowchart of FIG. 5. First, once 
the computer system detects that the external system power 
has fallen below a certain threshold amount, the 
up-converter is deactivated, via step 300. Next, the down­
converter is activated to maintain the internal power of the 
system, via step 302. This reverses the flow of current 
between the volatile memory and the super-capacitors. The 
super-capacitors then begin to slowly discharge current to 
the computer system through the down-converter, via step 
304. The computer system is then isolated from the external 
power source, via step 305. This prevents any contention 
between the external power source and the down-converter. 
The rate of discharge depends on the amount of capacitance 
and the amount of current needed by the computer system. 
While the computer system is receiving current from the 
super-capacitors, all traces of data in the volatile memory is 
completely erased, via step 306. Next, the two charge level 
sensors inform the computer system that the super-capacitor 
voltage has fallen below the fully charged and partially 
charged levels, via step 308. Finally, once the super­
capacitors discharge to a predetermined level, the down­
converter has insufficient voltage differential to continue 
proper operation and shuts down, thus turning off the power 
to the computer system, via step 310. 

This has two positive side effects. First, if the output 
voltage from the down-converter were allowed to fall below 
the minimum operating voltage of the computer system, the 
computer system could continue to run with unpredictable 
and potentially serious results. Also, by not fully discharging 

This has two positive side effects. First, if the output 
voltage from the down-converter were allowed to fall below 45 

the minimum operating voltage of the computer system, the 
computer system could continue to run with unpredictable 
and potentially serious results. Also, by not fully discharging 
the super-capacitors they will take only a few seconds to 
recharge once the external system power is restored, 
whereas the initial charge of super-capacitors may take up to 

50 the super-capacitors they will take only a few seconds to 
recharge once the external system power is restored, 
whereas the initial charge of super-capacitors may take up to 
5 minutes. 

5 minutes. If, after all the data has been saved, the computer 
system detects the external power system is risen back to 
normal levels, the computer system is reconnected to the 
external power system, the super-capacitor down-converter 
is deactivated, and the up-converter is activated to recharge 
the super-capacitors. Accordingly, through the use of a 
system and method in accordance with the present 
invention, a user is able to accurately transfer all data from 
volatile storage to non-volatile memory in the event of a 
sudden power loss. 

The "erase mode" of the method and system in accor­
dance with the present invention is the second aspect of the 
present invention and is now described in the context of a 
preferred embodiment. The second aspect of the present 
invention focuses on a computer systems ability to securely 
erase all data even in event of a sudden power loss. The 

A significant feature of the second aspect of the present 
55 invention is the "standby mode" which provides the ability 

to erase data manually while the system is removed from the 
system. This is preferably done with the incorporation of a 
pushbutton. Once the super-capacitors are fully charged, the 
system may be removed from external system power and the 

60 super-capacitors will retain a sufficient charge for all modes 
of operation preferably for up to 60 minutes. Thus, if a 
system containing sensitive data is being transported, the 
erase command can be activated by depressing the external 
pushbutton connected to the system, at which time the 

65 system will be powered up and the entire contents of the 
non-volatile memory will be rapidly and irretrievably 
erased. 
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Through the use of a system and method in accordance 
with the present invention, a user is able to accurately 
transfer all data from volatile memory to non-volatile 
memory in the event of a sudden external system power loss. 
Furthermore, the user of a system and method in accordance 5 

with the present invention will be able to rapidly and 
irretrievably erase all data from the non-volatile memory 
manually or automatically in the event of a sudden external 
system power loss. These features consume minimal space 
and are implemented in an affordable manner. 10 

Although the present invention has been described in 
accordance with the embodiments shown, one of ordinary 
skill in the art will readily recognize that there could be 
variations to the embodiments and those variations would be 
within the spirit and scope of the present invention. 15 

Accordingly, many modifications may be made by one of 
ordinary skill in the art without departing from the spirit and 
scope of the appended claims. 

What is claimed is: 
1. A method for controlling data in a computer system 20 

when the computer system loses power, the computer sys­
tem comprising a computing engine, comprising the steps 
of: 

(a) activating a plurality of super capacitors to supply 
power to the computing engine based upon power 25 

being removed from the computer system; 
(b) reconfiguring the data in the computing engine; and 
( c) deactivating the plurality of super capacitors to cut off 

power to the computing engine based upon the plurality 
of super capacitors discharging to a predetermined 30 

level. 
2. The method of claim 1 wherein the computing engine 

comprises a least one volatile memory and at least one 
non-volatile memory. 

3. The method of claim 2 wherein the reconfiguring step 35 

(b) further comprises: 

8 
means for activating a plurality of super capacitors to 

supply power to the computing engine based upon 
power being removed from the computer system; 

means for reconfiguring the data in the computing engine; 
and 

means for deactivating the plurality of super capacitors to 
cut off power to the computing engine based upon the 
plurality of super capacitors discharging to a predeter­
mined level. 

11. The system of claim 10 wherein the computing engine 
comprises a least one volatile memory and at least one 
non-volatile memory. 

12. The system of claim 11 wherein the reconfiguring 
means further comprises: 

means for allowing all data to be transferred from the at 
least one volatile memory to the at least one non­
volatile memory. 

13. The system of claim 11 wherein the reconfiguring 
means further comprises: 

means for allowing all data in the at least one volatile 
memory to be erased. 

14. The system of claim 13 wherein the allowing means 
further comprises: 

means for allowing all data in the at least one non-volatile 
memory to be erased. 

15. The system of claim 12 wherein the activating means 
further comprises: 

means for reversing the flow of current between the 
computing engine and the plurality of super capacitors; 
and 

means for discharging current from the plurality of super 
capacitors to the computing engine. 

16. The system of claim 13 wherein the activating means 
further comprises: 

means for reversing the flow of current between the 
computing engine and the plurality of super capacitors; 
and 

means for discharging current from the plurality of super 
capacitors to the computing engine. 

(b 1) allowing all data to be transferred from the at least 
one volatile memory to the at least one non-volatile 
memory. 

4. The method of claim 2 wherein the reconfiguring step 
(b) further comprises: 

17. The system of claim 14 wherein the allowing means 
40 is initiated based upon a user interaction. 

18. The system of claim 17 wherein the user interaction is 
the depressing of a button. 

(b 1) allowing all data in the at least one volatile memory 
to be erased. 

5. The method of claim 4 wherein the reconfiguring step 
(b) further comprises: 

19. A method for controlling data in a computer system 
when the computer system loses power, the computer sys-

45 tern comprising a computing engine, comprising the steps 
of: 

(b2) allowing all data in the at least one non-volatile 
memory to be erased. 

6. The method of claim 3 wherein the activating step (a) 
further comprises: 

(al) reversing the flow of current between the computing 
engine and the plurality of super capacitors; and 

( a2) discharging current from the plurality of super 
capacitors to the computing engine. 

50 

7. The method of claim 4 wherein the activating step (a) 55 
further comprises: 

(al) reversing the flow of current between the computing 
engine and the plurality of super capacitors; and 

( a2) discharging current from the plurality of super 
capacitors to the computing engine. 

8. The method of claim 5 wherein the allowing step (b2) 
is initiated based upon a user interaction. 

9. The method of claim 8 wherein the user interaction is 
the depressing of a button. 

60 

10. A system for controlling data in a computer system 65 

when the computer system loses power, the computer sys­
tem comprising a computer engine, comprising: 

(a) allowing the computer system to be placed in an erase 
mode; 

(b) activating a plurality of super capacitors to supply 
power to the computing engine based upon power 
being removed from the computer system; and 

(c) securely erasing data in the computing engine to 
prevent access to the data each time power is removed 
from the computing engine and the system is in the 
erase mode. 

20. The method of claim 19 wherein the allowing step (a) 
further includes the step of: 

(al) allowing the computer system to be placed in the 
erase mode or in a save mode. 

21. The method of claim 20 further comprising the step of: 
(d) saving the data in the computing engine in a non­

volatile storage in each time power is removed from the 
computing engine and the system is in the save mode. 

22. A method for controlling data in a computer system 
when the computer system loses power, the computer sys­
tem comprising a computing engine, comprising the steps 
of: 
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(a) activating a plurality of super capacitors to supply 
power to the computing engine based upon power 
being removed from the computer system; 

(b) placing the computer system in a standby mode based 
upon power being removed from the computer system; 5 

(c) providing power to the computer system using the 
plurality of super capacitors in response to a user 
interaction after the computer system has entered 
standby mode; and 

10 
(d) erasing data in the computing engine based upon the 

user interaction. 
23. A method for controlling data in a computer system 

when the computer system loses power, the computer sys­
tem comprising a computing engine, comprising the steps 

15 
of: 

(a) activating a plurality of super capacitors to supply 
power to the computing engine based upon power 
being removed from the computer system; 

(b) reconfiguring the data in the computing engine; and 20 

( c) ensuring that the plurality of super capacitors is 
maintained in a desired temperature range. 

10 
25. The system of claim 24 wherein the reconfiguring 

means can further be placed in the erase mode or in a save 
mode. 

26. The system of claim 25 wherein the reconfiguring 
means further save the data in the computing engine in a 
non-volatile storage in each time power is removed from the 
computing engine and the system is in the save mode. 

27. A system for controlling data in a computer system 
when the computer system loses power, the computer sys­
tem comprising a computer engine, comprising: 

means for activating a plurality of super capacitors to 
supply power to the computing engine based upon 
power being removed from the computer system, for 
placing the computer system in a standby mode based 
upon power being removed from the computer system, 
providing power to the computer system based upon a 
user interaction after the computer system has entered 
standby mode; 

means for reconfiguring the data in the computing engine, 
the reconfiguring means further including means for 
erasing a portion of the data in the computing engine 
based upon the user interaction. 24. A system for controlling data in a computer system 

when the computer system loses power, the computer sys­
tem comprising a computer engine, comprising: 

means for activating a plurality of super capacitors to 
supply power to the computing engine based upon 
power being removed from the computer system; and 

28. A system for controlling data in a computer system 
25 when the computer system loses power, the computer sys­

tem comprising a computer engine, comprising: 

means for reconfiguring the data in the computing engine, 
30 

the reconfiguring means being capable of being placed 
in an erase mode; 

wherein the reconfiguring means further securely erase 
data in the computing engine to prevent access to the 
data each time each time power is removed from the 
computing engine and the system is in the erase mode. 

means for activating a plurality of super capacitors to 
supply power to the computing engine based upon 
power being removed from the computer system; 

means for reconfiguring the data in the computing engine; 
and 

means for ensuring that the plurality of super capacitors is 
maintained in a desired temperature range. 

* * * * * 
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MEMORY DEVICE AND METHOD WITH During the powering up of the memory device ( as shown 
BACKUP ENERGY RESERVOIR TO WRITE via reference numeral 110 ) , power is applied ( at block 112 ) 

IN - FLIGHT DATA IN NON - VOLATILE to the memory device 102 , and the capacitor 108 gets full 
MEMORY charged ( at block 114 ) . Once the capacitor 108 is fully 

charged , the non - volatile memory 106 is powered up and 
BACKGROUND configured , such that read and write operations may be 

performed on the non - volatile memory 106 ( at block 116 ) . 
A solid state drive ( SSD ) is a data storage device that uses During the power loss handling in the memory device ( as 

integrated circuit assemblies as non - volatile memory to store shown via reference numeral 118 ) , in response to determin 
data persistently . The SSD may be coupled to a host com - 10 ing that a power loss has occurred ( at block 120 ) in the 
puting system , such as a personal computer or a server , memory device 102 , the charge stored in the fully charged 
where the host computing system performs input / output capacitor 108 is used to transmit power to the non - volatile 
( 1 / 0 ) operations on the SSD , and where the I / O operations memory 106 to write the in - flight data in the non - volatile 
may include writing data to the SSD and reading data from memory 106 before shutdown of the non - volatile memory 
the SSD . 15 106 ( at block 122 ) . “ In - flight data ” refers to writes sent to the 

The host computing system provides power to the SSD , memory device 102 from a host computing system , where 
and the SSD may undergo a power failure because the host the writes have not yet been committed to the non - volatile 
computing system may have failed to provide power to the memory 106 of the memory device 102 . “ In - flight data ” also 
SSD . In the event of a power failure in the SSD , a backup refers to any write that is in progress and as a result is not 
energy reservoir , such as a capacitor , may allow the SSD to 20 yet complete . Additionally , “ in - flight data ” may also refer to 
save in - flight data by storing the in - flight data persistently in data that has been temporarily buffered or cached in volatile 
the non - volatile memory of the SSD , prior to the complete memory , acknowledged as written back to a host computing 
shutdown of the SSD , where the in - flight data may include system , but not yet committed to the non - volatile memory 
writes that have not been committed to the non - volatile 106 of the memory device 102 . “ In - flight data ” may also 
memory of the SSD at the time of power failure in the SSD . 25 include data management structures that are stored in vola 

tile memory of the memory device 102 . “ In - flight data ” may 
BRIEF DESCRIPTION OF THE DRAWINGS also be referred to as " data in flight ” or “ writes in flight ” . 

The operation of fully charging the capacitor 108 during 
Referring now to the drawings in which like reference the powering up of the memory device 102 takes a consid 

numbers represent corresponding parts throughout : 30 erable amount of time and during this time the non - volatile 
FIG . 1 illustrates a diagram that shows operations for memory 106 cannot be used . Certain embodiments 

powering up and power loss handling of a memory device ; described in FIGS . 2 - 6 provide mechanisms to use the 
FIG . 2 illustrates a block diagram that shows a memory non - volatile memory 106 of the memory device 102 without 

device in which the functions of the memory device are fully charging the capacitor 108 , while at the same time 
enabled in a plurality of phases , in accordance with certain 35 performing power loss handling in the memory device 102 . 
embodiments ; Such embodiments allow the non - volatile memory 106 of 

FIG . 3 illustrates a block diagram that shows various the memory device 102 to be used much earlier during 
modes of operation of a power loss handler , in accordance power up of the memory device 102 . 
with certain embodiments ; FIG . 2 illustrates a block diagram that shows a memory 

FIG . 4 illustrates a flowchart the shows how functions of 40 device 200 coupled to a host 202 , in which the functions of 
a memory device are enabled in a plurality of phases , in the memory device 200 are enabled in a plurality of phases , 
accordance with certain embodiments ; in accordance with certain embodiments . The memory 

FIG . 5 illustrates a flowchart that shows how functions of device 200 may comprise a memory board , a SSD , or any 
a memory device are enabled in a plurality of phases , and other device that includes non - volatile memory 204 . In 
various modes of operation of a power loss handler , in 45 certain embodiments , the non - volatile memory 204 may be 
accordance with certain embodiments ; and comprised of one or more non - volatile memory chips 206 , 

FIG . 6 illustrates a block diagram of a system including 208 . Other configurations of the memory device 200 are 
a computational device that includes a memory device possible in alternative embodiments , as long as the memory 
comprised of non - volatile memory , in accordance with cer - device 200 includes non - volatile memory 204 whose in 
tain embodiments . 50 flight data needs to be preserved if there is any in - flight data , 

in the event of a loss of power provided by the host 202 or 
DETAILED DESCRIPTION some other device . 

Although various embodiments are described with respect 
In the following description , reference is made to the to SSD , embodiments may be applied to any memory device 

accompanying drawings which form a part hereof and which 55 that comprise non - volatile memory . In one embodiment , the 
illustrate several embodiments . It is understood that other memory device is a block addressable memory device , such 
embodiments may be utilized and structural and operational as those based on NAND or NOR technologies . A memory 
changes may be made . device may also include future generation nonvolatile 

FIG . 1 illustrates a diagram 100 that shows operations for devices , such as a three dimensional crosspoint memory 
powering up and power loss handling of a memory device . 60 device , or other byte addressable write - in - place nonvolatile 
A memory device 102 may be comprised of a power memory devices . In one embodiment , the memory device 
management module 104 that controls the powering up of may be or may include memory devices that use chalco 
the memory device 102 and also handles a power loss event genide glass , multi - threshold level NAND flash memory , 
in the memory device 102 . In the event of a loss of power NOR flash memory , single or multi - level Phase Change 
to the memory device 102 , the power management module 65 Memory ( PCM ) , a resistive memory , nanowire memory , 
104 may supply power to the non - volatile memory 106 from ferroelectric transistor random access memory ( FeTRAM ) , 
the charge stored in the capacitor 108 . magnetoresistive random access memory ( MRAM ) memory 
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that incorporates memristor technology , or spin transfer FIG . 3 illustrates a diagram 300 that shows various modes 
torque ( STT ) - MRAM , a spintronic magnetic junction of operation of the power loss handler 224 , in accordance 
memory based device , or a combination of any of the above , with certain embodiments . The horizontal axis shows a 
or other memory . The memory device may refer to the die duration of time 302 starting from a restoration of power to 
itself and / or to a packaged memory product . 5 the memory device 200 from the host 202 via the input 

In certain embodiments , the host 202 may be a compu power rail 218 . The vertical axis shows the amount of charge 
tational device ( e . g . , a laptop computer , a desktop computer , 304 stored in the capacitor 216 or some other energy store . 

The curve shown via reference numeral 306 indicates the a tablet , a cell phone , a processor , a server , a disk array , or charge stored in the capacitor 216 at different times . Initially any other suitable computational device ) , and the memory 
device 200 may be included inside or may be located outside 10 no charge is stored in the capacitor 216 when power is 

restored to the memory device 200 via the input power rail the host 202 218 from the host 202 , and at time T1 307 the capacitor 216 The memory device 200 includes a switch 210 that is has an amount of charge denoted by C1 308 , and at a later positioned in a power line 212 that supplies power to the point in time T2 310 the capacitor 216 has an amount of 
memory device 200 from the host 202 . The power line 212 12 15 charge denoted by C2 312 . In certain embodiments C1 308 is comprised of an input power rail 218 that transmits power is 10 % or less of the total charge capacity of the capacitor 
from the host 202 to the switch 210 and one or more source 216 , and C2 312 is 70 % of more of the total charge capacity 
power rails 220 that transmit power from the switch 210 to of the capacitor 216 . 
the non - volatile memory 204 . There may be a single FIG . 3 shows ( via reference numeral 314 ) that when the 
instance of an input power rail 218 , a power line 212 , and a 20 capacitor 216 is charged to at least level C1 , then the charge 
source power rail 220 , or there may be one or more instances in the capacitor 216 is sufficient to shut down the one or 
of input power rails , power lines , and source power rails more source power rails 220 of the non - volatile memory 
( e . g . , in certain embodiments a plurality of input power rails 204 , in response to a power loss in the memory device 200 . 
may feed a plurality of source power rails ) . In certain In such a situation , the power loss handler 224 may function 
embodiments in which the plurality of non - volatile memory 25 in the limited mode 226 but not in the comprehensive mode 
chips 206 , 208 of the non - volatile memory 204 use different 228 . 
voltages , the plurality of source power rails 220 may provide FIG . 3 also shows ( via reference numeral 316 ) that when 
the different voltages . the capacitor 216 is charged to at least level C2 312 ( which 

If power is lost from the host 202 , then a power manage is substantially higher than the C1 level ) , then the charge in 
ment module 214 of the memory device 200 may use an 30 the capacitor 216 is sufficient to shut down the one or more 
energy store 216 ( e . g . , a capacitor that stores charge ) source power rails 220 of the non - volatile memory 204 and 
included in the memory device 200 to supply backup power also to write the in - flight data to the non - volatile memory 
to the non - volatile memory 204 , so that any in - flight data 204 , in response to a power loss in the memory device 200 . 
that is present is written via a controlled shutdown of the In such a situation , the power loss handler 224 may function 
memory device 200 . The energy store 216 is coupled to the 35 in the comprehensive mode 228 . 
non - volatile memory 204 via an input power module 217 of Therefore , FIG . 3 shows that at a first predetermined level 
the non - volatile memory 204 . The power management mod of charge C1 308 , the power loss handler 224 may function 
ule 214 may be implemented in hardware , firmware , soft - in the limited mode 226 but not in the comprehensive mode 
ware or any combination thereof . The power management 228 . At a higher second predetermined level of charge C2 
module 214 may include a power up application 222 and a 40 312 the power loss handler 224 may function in the com 
power loss handler 224 . The power up application 222 prehensive mode 228 . In the comprehensive mode 228 , the 
manages the powering up of the memory device 200 after power loss handler 224 is able to write in - flight data to the 
power is restored to the memory device 200 from the host non - volatile memory 204 . 
202 via the input power rail 218 . The power loss handler 224 FIG . 4 illustrates a flowchart 400 that shows how func 
handles the situation in which power supply to the memory 45 tions of a memory device 200 are enabled in a plurality of 
device 200 is not provided by the host 202 via the input phases during power up of the memory device 200 , in 
power rail 218 , and charge stored in the energy store 216 has accordance with certain embodiments . The operations 
to be used to at least shut down the one or more source shown in FIG . 4 may be performed by the power manage 
power rails 220 of the non - volatile memory 204 , and supply ment module 214 in combination with other modules that 
enough power to the non - volatile memory 204 and other 50 execute in the memory device 200 . 
components to write in - flight data in the non - volatile Control starts at block 402 in which power is applied to 
memory 204 if such in - flight data is present in the memory a memory device 200 by a host 202 . Control proceeds to 
device 200 . block 404 in which the capacitor 216 starts charging . The 

The power loss handler 224 may operate in either a power up application 222 determines ( at block 406 ) whether 
limited mode 226 or in a comprehensive mode 228 . In the 55 the charging of the capacitor 216 is complete to level C1 
limited mode 226 , the power loss handler 224 uses a 308 . If so ( “ Yes ” branch 407 ) , the power up application 222 
relatively small amount of charge ( in comparison to the ensures ( at block _ 408 ) that power is transmitted to the 
charge used in the comprehensive mode 228 ) from the non - volatile memory 204 via the one or more source power 
energy store 216 to shut down the one or more source power rails 220 to power up the non - volatile memory 204 and 
rails 220 and there is no need to write in - flight data in the 60 provide read access to the non - volatile memory 204 . Control 
non - volatile memory 204 as in - flight data is not present . In proceeds to block 410 in which the power up application 222 
the comprehensive mode 228 , the power loss handler 224 sets the power loss handler 224 to operate in the limited 
uses a relatively large amount of charge ( in comparison to mode 226 . Since only a relatively small amount of charge is 
the charge used in the limited mode 226 ) from the energy stored in the capacitor 216 at charge level C1 308 ( which is 
store 216 to write the in - flight data in the non - volatile 65 the charge level of the capacitor 216 at block 410 ) , the power 
memory 204 and also to shut down the one or more source loss handler 224 is set to the limited mode 226 in which no 
power rails 220 to the non - volatile memory 204 . in - flight data is written to the non - volatile memory 204 
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during a power failure . Since the non - volatile memory 204 From block 504 , control proceeds to block 506 in which 
has still not been configured for writes there is no in - flight the energy store 216 is charged to at least a second prede 
data and the limited mode 226 is adequate for the power loss termined level C2 312 , where the second predetermined 
handler 224 . level C2 312 is greater than the first predetermined level C1 

The capacitor 216 continues to be charged ( at block 412 ) 5 308 . Write access is provided ( at block 508 ) to the non 
and control proceeds to block 414 in which the power up volatile memory 204 , in response to charging the energy 
application 222 determines whether the charging of the store 216 to at least the second predetermined level C2 312 . 
capacitor 216 is complete to level C2 312 . If so ( “ Yes ” At block 508 , the power loss handler 224 is set to the 
branch 415 ) the power up application 222 ensures ( at block Job comprehensive mode 228 . 

416 ) that the non - volatile memory 204 is configured for 10 While operations shown in blocks 502 , 504 , 506 , 508 are 
write access ( in addition to the read access for which the being performed by the power up application 222 of the 

power management module 214 , the operations shown in non - volatile memory 204 has already been configured in blocks 510 , 512 , 514 , 516 , 518 may be performed in parallel block 408 ) . As a result , if there is a power failure after block ( shown via reference numeral 520 ) by the power loss 416 there may be in - flight data that has to be written in the 15 handler 224 of the po tten in the 15 handler 224 of the power management module 214 . non - volatile memory 204 , and at block 418 the power up At block 510 , a determination is made by the power loss 
application 222 sets the power loss handler 224 to operate in handler 224 of a loss of power to the memory device 200 . 
the comprehensive mode 228 in which in - flight data is Irrespective of whether the power loss handler 224 is 
written to the non - volatile memory 204 . The capacitor 216 operating in the limited mode 226 or in the comprehensive 
may continue to get charged ( at block 420 ) and once the 20 mode 228 , the power loss handler 224 performs operations 
capacitor 216 is fully charged ( unless level C2 is a fully ( at block 511 ) to turn off the switch 210 to disconnect the 
charged condition for the capacitor 216 ) then the capacitor Source power rail 220 of the non - volatile memory 204 from 
216 is maintained at full charge . the input power rail 218 , to shut down the source power rail 

From block 406 if the capacitor 216 has not charged to 220 of the non - volatile memory 204 . In certain embodi 
level C1 ( “ No ” branch 422 ) control returns to block 404 for 25 ments , if there are two or more source power rails 220 ( i . e . , 
additional charging of the capacitor 216 . From block 414 , if there is more than one source power rail ) , then the two or 
the capacitor 216 has not charged to level C2 ( “ No ” branch more source power rails 220 are shut down in a sequence 
424 ) control returns to block 412 for additional charging of that is referred to as a shutdown sequence . For example , if 
the capacitor 216 . there are two source power rails comprising a first source 

Therefore , FIG . 4 illustrates that in a first phase , after the 30 power rail and a second source power rail , then in a 
capacitor 216 has been charged to a relatively low level C1 shutdown sequence , the first source power rail is shut down 
308 , only read operations are allowed on the non - volatile and then the second source power rail is shut down . 
memory 204 and the power loss handler 224 is set to operate If the energy store 216 has been charged to at least the first 
in the limited mode 226 . Only when the capacitor 216 is predetermined level C1 308 but has not been charged to the 
charged to a sufficiently high enough level ( e . g . , level C2 35 second predetermined level C2 312 ( shown via reference 
312 ) in which the power loss handler 224 can operate in the numeral 512 in which the power loss handler 224 is oper 
comprehensive mode 228 to write in - flight data to the ating in the limited mode 226 ) , then no writing of in - flight 
non - volatile memory 204 , are write operations on the non - data to the non - volatile memory 204 is needed as there is no 
volatile memory 204 permitted . in - flight data ( at block 514 ) . If the energy store 216 has been 

Therefore , at an early instant of time T1 307 , the non - 40 charged to at least the second predetermined level C2 312 
volatile memory 204 is functional for read operations , and at ( shown via reference numeral 516 in which the power loss 
a later instant of time T2 310 the non - volatile memory 204 handler 224 is operating in the comprehensive mode 228 ) 
is functional for both read and write operations . This is an then in - flight data is written to the non - volatile memory 204 
improvement over the system shown in FIG . 1 , in which ( at block 518 ) . 
only when the capacitor 108 is fully charged are read and 45 It should be noted that the energy store 216 is partially 
write operations allowed on the non - volatile memory 106 , charged when the energy store 216 has been charged to the 
and this may not only take a time longer than T1 307 but first predetermined level C1 308 , and the energy store 216 is 
may take a time longer than T2 310 . Read operations from partially or fully charged when the energy store 216 has been 
the memory device 200 are allowed earlier , in embodiments charged to the second predetermined level C2 312 . 
shown in FIGS . 2 - 4 in comparison to the operations shown 50 Therefore , FIGS . 1 - 5 illustrate certain embodiments in 
in FIG . 1 . which an energy store 216 of a memory device 200 is 

FIG . 5 illustrates a flowchart 500 that shows how func - charged in two phases . In the first phase , after the energy 
tions of a memory device 200 are enabled in a plurality of store 216 has been charged to a relatively low level C1 308 , 
phases , and various modes of operation of a power loss only read operations are allowed on the non - volatile 
handler 224 , in accordance with certain embodiments . The 55 memory 204 and the power loss handler 224 is set to operate 
operations shown in FIG . 5 may be performed by the power in the limited mode 226 . In the limited mode 226 there is no 
management module 214 in combination with other mod - need to write any in - flight data to the non - volatile memory 
ules that execute in the memory device 200 . 204 , as only read operations are allowed and there is no 

Control starts at block 502 in which an energy store 216 in - flight data . Only when the energy store 216 is charged to 
coupled to a non - volatile memory 204 of a memory device 60 a sufficiently high enough level ( e . g . , level C2 312 ) , is the 
200 is charged to at least a first predetermined level C1 308 . power loss handler 224 set to operate in the comprehensive 
Control proceeds to block 504 in which the non - volatile mode 228 . In the comprehensive mode 228 , the power loss 
memory 204 is powered up and read access is provided to handler 224 writes any in - flight data to the non - volatile 
the non - volatile memory 204 , in response to charging the memory 204 with the charge stored in the energy store 216 , 
energy store 216 to at least the first predetermined level C1 65 as write operations on the non - volatile memory 204 are 
308 . At block 504 , the power loss handler 224 is set to the permitted and these write operations may generate in - flight 
limited mode 226 . data . 
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The described components and / or operations may be device . The system 600 may include a program logic 610 
implemented as a method , apparatus or computer program including code 612 that may be loaded into the memory 606 
product using standard programming and / or engineering and executed by the processor 604 or circuitry 602 . In 
techniques to produce software , firmware , hardware , or any certain embodiments , the program logic 610 including code 
combination thereof . The described operations may be 5 612 may be stored in the storage 608 . In certain other 
implemented as code maintained in a " computer readable embodiments , the program logic 610 may be implemented 
storage medium ” for implementation in certain embodi in the circuitry 602 . Therefore , while FIG . 6 shows the 
ments or for software simulation of a memory chip for program logic 610 separately from the other elements , the 
design purposes , where a processor may read and execute program logic 610 may be implemented in the memory 606 
the code from the computer storage readable medium . The 10 and / or the circuitry 602 . The system 600 may also include a 
computer readable storage medium includes at least one of display 614 ( e . g . , an liquid crystal display ( LCD ) , a light 
electronic circuitry , storage materials , inorganic materials , emitting diode ( LED ) display , a cathode ray tube ( CRT ) 
organic materials , biological materials , a casing , a housing , display , a touchscreen display , or any other suitable display ) . 
a coating , and hardware . A computer readable storage The system 600 may also include one or more input devices 
medium may comprise , but is not limited to , a magnetic 15 616 , such as , a keyboard , a mouse , a joystick , a trackpad , or 
storage medium ( e . g . , hard drive drives , floppy disks , tape , any other suitable input devices . In certain embodiments , the 
etc . ) , optical storage ( CD - ROMs , DVDs , optical disks , etc . ) , display 614 may be coupled to a memory device comprising 
volatile and non - volatile memory devices ( e . g . , EEPROMs , the storage 608 and / or the memory 606 ; a network interface 
ROMs , PROMs , RAMs , DRAMS , SRAMs , Flash Memory , 618 may be communicatively coupled to the processor 604 ; 
firmware , programmable logic , etc . ) , Solid State Devices 20 and a battery 620 may be communicatively coupled to the 
( SSD ) , etc . The code implementing the described operations processor 604 . Other components or devices beyond those 
may further be implemented in hardware logic implemented shown in FIG . 6 may also be found in the system 600 . 
in a hardware device ( e . g . , an integrated circuit chip , Pro - Certain embodiments may be directed to a method for 
grammable Gate Array ( PGA ) , Application Specific Inte - deploying computing instruction by a person or automated 
grated Circuit ( ASIC ) , etc . ) . Still further , the code imple - 25 processing integrating computer - readable code into a com 
menting the described operations may be implemented in puting system , wherein the code in combination with the 
“ transmission signals ” , where transmission signals may computing system is enabled to perform the operations of 
propagate through space or through a transmission media , the described embodiments . 
such as an optical fiber , copper wire , etc . The transmission The terms “ an embodiment ” , “ embodiment ” , “ embodi 
signals in which the code or logic is encoded may further 30 ments ” , “ the embodiment ” , “ the embodiments ” , “ one or 
comprise a wireless signal , satellite transmission , radio more embodiments ” , “ some embodiments ” , and “ one 
waves , infrared signals , Bluetooth , etc . The program code embodiment ” mean " one or more ( but not all ) embodi 
embedded on a computer readable storage medium may be ments ” unless expressly specified otherwise . 
transmitted as transmission signals from a transmitting sta - The terms “ including ” , “ comprising ” , “ having ” and varia 
tion or computer to a receiving station or computer . A 35 tions thereof mean “ including but not limited to ” , unless 
computer readable storage medium is not comprised solely expressly specified otherwise . 
of transmission signals . Those skilled in the art will recog The enumerated listing of items does not imply that any 
nize that many modifications may be made to this configu - or all of the items are mutually exclusive , unless expressly 
ration , and that the article of manufacture may comprise specified otherwise . 
suitable information bearing medium known in the art . 40 The terms “ a ” , “ an ” and “ the ” mean “ one or more ” , unless 

Computer program code for carrying out operations for expressly specified otherwise . 
aspects of the certain embodiments may be written in any Devices that are in communication with each other need 
combination of one or more programming languages . not be in continuous communication with each other , unless 
Blocks of flowcharts and / or block diagrams may be imple - expressly specified otherwise . In addition , devices that are in 
mented by computer program instructions . 45 communication with each other may communicate directly 

FIG . 6 illustrates a block diagram of a system 600 that or indirectly through one or more intermediaries . 
may include a computational device where a memory device A description of an embodiment with several components 
( designed as per the architecture of the memory device 200 in communication with each other does not imply that all 
shown in FIGS . 2 - 5 ) is included in the computational device . such components are required . On the contrary a variety of 
For example , in certain embodiments the system 600 may be 50 optional components are described to illustrate the wide 
a computer ( e . g . , a laptop computer , a desktop computer , a variety of possible embodiments . 
tablet , a cell phone or any other suitable computational Further , although process steps , method steps , algorithms 
device ) that has a memory device ( designed as per the or the like may be described in a sequential order , such 
architecture of memory device 200 shown in FIGS . 2 - 5 ) in processes , methods and algorithms may be configured to 
the computer . The system 600 may include a circuitry 602 55 work in alternate orders . In other words , any sequence or 
that may in certain embodiments include at least a processor order of steps that may be described does not necessarily 
604 . The system 600 may also include a memory 606 ( e . g . , indicate a requirement that the steps be performed in that 
a memory device 200 as per the architecture shown in FIGS . order . The steps of processes described herein may be 
2 - 5 ) , and storage 608 ( e . g . , a memory device 200 as per the performed in any order practical . Further , some steps may be 
architecture shown in FIGS . 2 - 5 ) . The storage 608 may 60 performed simultaneously . 
include a solid state drive , a disk drive , or other drives or When a single device or article is described herein , it will 
devices including a non - volatile memory device ( e . g . , be readily apparent that more than one device / article 
EEPROM , ROM , PROM , flash , firmware , programmable ( whether or not they cooperate ) may be used in place of a 
logic , etc . ) . The storage 608 may also include a magnetic single device / article . Similarly , where more than one device 
disk drive , an optical disk drive , a tape drive , etc . The 65 or article is described herein ( whether or not they cooperate ) , 
storage 608 may comprise an internal storage device , an it will be readily apparent that a single device / article may be 
attached storage device and / or a network accessible storage used in place of the more than one device or article or a 
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different number of devices / articles may be used instead of is charged to at least a first predetermined level . The 
the shown number of devices or programs . The functionality non - volatile memory is powered up and read access to the 
and / or the features of a device may be alternatively embod non - volatile memory is provided , in response to charging the 
ied by one or more other devices which are not explicitly energy store to at least the first predetermined level . 
described as having such functionality / features . Thus , other 5 In example 9 , the subject matter of example 8 may include 
embodiments need not include the device itself . that the energy store is partially charged when the energy 
At least certain operations that may have been illustrated store has been charged to the first predetermined level . 

in the figures show certain events occurring in a certain In example 10 , the subject matter of example 8 may 
order . In alternative embodiments , certain operations may be include that write access to the non - volatile memory is 
performed in a different order , modified or removed . More - 10 provided , in response to charging the energy store to at least 
over , steps may be added to the above described logic and a second predetermined level . 
still conform to the described embodiments . In example 11 , the subject matter of example 10 may 

Further , operations described herein may occur sequen - include that the second predetermined level is greater than 
tially or certain operations may be processed in parallel . Yet the first predetermined level . 
further , operations may be performed by a single processing 15 In example 12 , the subject matter of example 11 may 
unit or by distributed processing units . include shutting down one or more source power rails of the 

The foregoing description of various embodiments has non - volatile memory , in response to a loss of power to the 
been presented for the purposes of illustration and descrip - memory device while the energy store has been charged to 
tion . It is not intended to be exhaustive or to be limited to the at least the first predetermined level but not been charged to 
precise forms disclosed . Many modifications and variations 20 the second predetermined level , wherein if there are two or 
are possible in light of the above teaching . more source power rails then a shutdown sequence is used 

to shut down the two or more source power rails . 
EXAMPLES In example 13 , the subject matter of example 11 may 

include shutting down one or more source power rails of the 
The following examples pertain to further embodiments . 25 non - volatile memory and writing in - flight data to the non 
Example 1 is a memory device for data storage , the volatile memory , in response to a loss of power to the 

memory device comprising : a non - volatile memory ; an memory device while the energy store been charged to at 
energy store coupled to the non - volatile memory ; and a least the second predetermined level , wherein if there are 
power management module configurable to power up the two or more source power rails then a shutdown sequence is 
non - volatile memory and provide read access to the non - 30 used to shut down the two or more source power rails . 
volatile memory , in response to the energy store being In example 14 , the subject matter of example 10 may 
charged to at least a first predetermined level . include that the energy store is partially or fully charged 

In example 2 , the subject matter of example 1 may include when the energy store has been charged to the second 
that the energy store is partially charged when the energy predetermined level . 
store has been charged to the first predetermined level . 35 Example 15 is a computational device for data storage , the 

In example 3 , the subject matter of example 1 may include computational device comprising : a processor ; and a 
that the power management module is further configurable memory device coupled to the processor , the memory device 
to provide write access to the non - volatile memory , in comprising : a non - volatile memory ; an energy store coupled 
response to the energy store being charged to at least a to the non - volatile memory ; and a power management 
second predetermined level . 40 module configurable to power up the non - volatile memory 

In example 4 , the subject matter of example 3 may include and provide read access to the non - volatile memory , in 
that the second predetermined level is greater than the first response to the energy store being charged to at least a first 
predetermined level . predetermined level . 

In example 5 , the subject matter of example 4 may include In example 16 , the subject matter of example 15 may 
that the power management module is further configurable 45 include that the energy store is partially charged when the 
to shut down one or more source power rails of the non - energy store has been charged to the first predetermined 
volatile memory , in response to a loss of power to the level . 
memory device while the energy store has been charged to In example 17 , the subject matter of example 15 may 
at least the first predetermined level but not been charged to include that the power management module is further con 
the second predetermined level , and wherein if there are two 50 figurable to provide write access to the non - volatile memory , 
or more source power rails then a shutdown sequence is used in response to the energy store being charged to at least a 
to shut down the two or more source power rails . second predetermined level . 

In example 6 , the subject matter of example 4 may include In example 18 , the subject matter of example 17 may 
that the power management module is further configurable include that the second predetermined level is greater than 
to shut down one or more source power rails of the non - 55 the first predetermined level . 
volatile memory , and write in - flight data to the non - volatile In example 19 , the subject matter of example 18 may 
memory , in response to a loss of power to the memory include that the power management module is further con 
device while the energy store been charged to at least the figurable to shut down one or more source power rails of the 
second predetermined level , wherein if there are two or more non - volatile memory , in response to a loss of power to the 
source power rails then a shutdown sequence is used to shut 60 memory device while the energy store has been charged to 
down the two or more source power rails . at least the first predetermined level but not been charged to 

In example 7 , the subject matter of example 4 may include the second predetermined level , and wherein if there are two 
that the energy store is partially or fully charged when the or more source power rails then a shutdown sequence is used 
energy store has been charged to the second predetermined to shut down the two or more source power rails . 
level . 65 In example 20 , the subject matter of example 18 may 

Example 8 is a method for data storage in which an energy include that the power management module is further con 
store coupled to a non - volatile memory of a memory device figurable to shut down one or more source power rails of the 
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non - volatile memory and write in - flight data to the non a power management module configurable to provide read 
volatile memory , in response to a loss of power to the access to the non - volatile memory in response to the 
memory device while the energy store been charged to at energy store being charged to an amount that is at least 
least the second predetermined level , and wherein if there of a first predetermined level , and to provide write 
are two or more source power rails then a shutdown 5 access to the non - volatile memory in response to the 
sequence is used to shut down the two or more source power energy store being charged to an amount that is at least 
rails . of a second predetermined level that is greater than the 

In example 21 , the subject matter of example 17 may first predetermined level . 
include that the energy store is partially or fully charged 2 . The memory device of claim 1 , wherein the energy 
when the energy store has been charged to the second 10 store is partially charged when the energy store has been 
predetermined level . charged to the first predetermined level . 

Example 22 is a computational device for data storage , the 3 . The memory device of claim 1 , wherein the power 
computational device comprising : a processor ; a display management module is further configurable to shut down 
communicatively coupled to the processor ; a network inter one or more source power rails of the non - volatile memory , 
face communicatively coupled to the processor ; and a 15 in response to a loss of power to the memory device while 
memory device coupled to the processor , the memory device the energy store has been charged to at least the first 
comprising : a non - volatile memory ; an energy store coupled predetermined level but not been charged to the second 
to the non - volatile memory ; and a power management predetermined level , and wherein if there are two or more 
module configurable to power up the non - volatile memory source power rails then a shutdown sequence is used to shut 
and provide read access to the non - volatile memory , in 20 down the two or more source power rails . 
response to the energy store being charged to at least a first 4 . The memory device of claim 1 , wherein the power 
predetermined level . management module is further configurable to shut down 

In example 23 , the subject matter of example 22 may one or more source power rails of the non - volatile memory , 
include that the power management module is further con - and write in - flight data to the non - volatile memory , in 
figurable to provide write access to the non - volatile memory , 25 response to a loss of power to the memory device while the 
in response to the energy store being charged to at least a energy store been charged to at least the second predeter 
second predetermined level . mined level , and wherein if there are two or more source 

In example 24 , the subject matter of example 23 may power rails then a shutdown sequence is used to shut down 
include that the power management module is further con - the two or more source power rails . 
figurable to shut down one or more source power rails of the 30 5 . The memory device of claim 1 , wherein the energy 
non - volatile memory , in response to a loss of power to the store is partially or fully charged when the energy store has 
memory device while the energy store has been charged to been charged to the second predetermined level . 
at least the first predetermined level but not been charged to 6 . The memory device of claim 1 , wherein the energy 
the second predetermined level , and wherein if there are two store comprises a capacitor . 
or more source power rails then a shutdown sequence is used 35 7 . A method , comprising : 
to shut down the two or more source power rails . charging an energy store coupled to a non - volatile 

In example 25 , the subject matter of example 23 may memory of a memory device to an amount that is at 
include that the power management module is further con least of a first predetermined level ; 
figurable to shut down one or more source power rails of the providing read access to the non - volatile memory in 
non - volatile memory and write in - flight data to the non - 40 response to charging the energy store to the amount that 
volatile memory , in response to a loss of power to the is at least of the first predetermined level ; and 
memory device while the energy store been charged to at providing write access to the non - volatile memory in 
least the second predetermined level , and wherein if there response to charging the energy store to an amount that 
are two or more source power rails then a shutdown is at least of a second predetermined level that is greater 
sequence is used to shut down the two or more source power 45 than the first predetermined level . 
rails . 8 . The method of claim 7 , wherein the energy store is 

Example 26 is a system for data storage , the system partially charged when the energy store has been charged to 
comprising : means for charging an energy store coupled to the first predetermined level . 
a non - volatile memory of a memory device to at least a first 9 . The method of claim 7 , the method further comprising : 
predetermined level ; and means for powering up the non - 50 shutting down one or more source power rails of the 
volatile memory and providing read access to the non non - volatile memory , in response to a loss of power to 
volatile memory , in response to charging the energy store to the memory device while the energy store has been 
at least the first predetermined level . charged to at least the first predetermined level but not 

All optional features of any of the systems and / or appa been charged to the second predetermined level , 
ratus described above may also be implemented with respect 55 wherein if there are two or more source power rails then 
to the method or process described above , and specifics in a shutdown sequence is used to shut down the two or 
the examples may be used anywhere in one or more embodi more source power rails . 
ments . Additionally , all optional features of the method or 10 . The method of claim 7 , the method further compris 
process described above may also be implemented with ing : 
respect to any of the system and / or apparatus described 60 shutting down one or more source power rails of the 
above , and specifics in the examples may be used anywhere non - volatile memory and writing in - flight data to the 
in one or more embodiments . non - volatile memory , in response to a loss of power to 

the memory device while the energy store been charged 
What is claimed is : to at least the second predetermined level , wherein if 
1 . A memory device , comprising : 65 there are two or more source power rails then a shut 
a non - volatile memory ; down sequence is used to shut down the two or more 
an energy store coupled to the non - volatile memory ; and source power rails . 
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11 . The method of claim 7 , wherein the energy store is 18 . The computational device of claim 13 , wherein the 
partially or fully charged when the energy store has been energy store comprises a capacitor . 
charged to the second predetermined level . 19 . A computational device , comprising : 

12 . The method of claim 7 , wherein the energy store a processor ; comprises a capacitor . 
13 . A computational device , comprising : a display communicatively coupled to the processor ; 
a processor ; and a network interface communicatively coupled to the pro 
a memory device coupled to the processor , the memory cessor ; and 

device comprising : a memory device coupled to the processor , the memory 
a non - volatile memory ; 10 device comprising : 
an energy store coupled to the non - volatile memory ; a non - volatile memory ; 

and 
a power management module configurable to provide an energy store coupled to the non - volatile memory ; 

and read access to the non - volatile memory in response 
to the energy store being charged to an amount that 15 a power management module configurable to provide 
is at least of a first predetermined level , and to read access to the non - volatile memory in response 
provide write access to the non - volatile memory in to the energy store being charged to an amount that 
response to the energy store being charged to an is at least of a first predetermined level , and to 
amount that is at least of a second predetermined provide write access to the non - volatile memory in 
level that is greater than the first predetermined level . 20 response to the energy store being charged to an 

14 . The computational device of claim 13 , wherein the amount that is at least of a second predetermined 
energy store is partially charged when the energy store has level that is greater than the first predetermined level . 
been charged to the first predetermined level . 20 . The computational device of claim 19 , wherein the 

15 . The computational device of claim 13 , wherein the power management module is further configurable to shut 
power management module is further configurable to shut 25 down one or more source power rails of the non - volatile 
down one or more source power rails of the non - volatile memory , in response to a loss of power to the memory 
memory , in response to a loss of power to the memory device while the energy store has been charged to at least the 
device while the energy store has been charged to at least the first predetermined level but not been charged to the second 
first predetermined level but not been charged to the second predetermined level , and wherein if there are two or more 
predetermined level , and wherein if there are two or more 30 source power rails then a shutdown sequence is used to shut 
source power rails then a shutdown sequence is used to shut down the two or more source power rails . 
down the two or more source power rails . 21 . The computational device of claim 19 , wherein the 16 . The computational device of claim 13 , wherein the power management module is further configurable to shut power management module is further configurable to shut down one or more source power rails of the non - volatile 
down one or more source power rails of the non - volatile 35 memory and write in - flight data to the non - volatile memory , memory and write in - flight data to the non - volatile memory , in response to a loss of power to the memory device while 
in response to a loss of power to the memory device while the energy store been charged to at least the second prede the energy store been charged to at least the second prede termined level , and wherein if there are two or more source termined level , and wherein if there are two or more source power rails then a shutdown sequence is used to shut down 
power rails then a shutdown sequence is used to shut down 40 th the two or more source power rails . the two or more source power rails . 

17 . The computational device of claim 13 , wherein the 22 . The computational device of claim 19 , wherein the 
energy store is partially or fully charged when the energy energy store comprises a capacitor . 
store has been charged to the second predetermined level . * * * * * 
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IN THE UNITED STATES DISTRICT COURT 
FOR THE DISTRICT OF DELAWARE 

VIATECH TECHNOLOGIES, INC.,  

Plaintiff, 

v. 

ADOBE INC., 

Defendant.  

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

C.A. NO. 20-358-RGA

CLAIM CONSTRUCTION ORDER 

Pursuant to the Court’s previous claim constructions with respect to ViaTech’s U.S. Patent No. 

6,920,567 (“the ’567 patent”),1 the terms of the asserted claims of the ’567 patent shall be 

construed as follows: 

1. The term “digital content file” of the preambles of claims 1 and 28 is limiting. 

The preambles of the asserted claims are otherwise not limiting. 

2. The term “file” has its plain and ordinary meaning.  The plain and ordinary 

meaning is “a collection of data that is treated as a unit by a file system.”  A “file” may be a 

collection of files. 

3. The term “functions” has its plain and ordinary meaning.  The plain and ordinary 

meaning does not include “parameters” or “terms” or other similar concepts. 

1 In ViaTech Techs., Inc. v. Microsoft Corp., Civil Action No. 1:14-cv-01226-RGA; 
ViaTech Techs., Inc. v. Microsoft Corp., Civil Action No. 1:17-cv-00570-RGA-SRF; and as 
modified by the Federal Circuit in ViaTech Techs., Inc. v. Microsoft Corp., 733 F. App’x 542, 
550 (Fed. Cir. 2018).   
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4. The term “file access control mechanism” means “software component that

controls access to the contents of the digital content file entirely locally, that is, solely within the 

end user site.” 

5. The term “embedded in the digital content file” means “part of or functionally

included in the digital content file.” 

6. The term “monitoring use” has its plain and ordinary meaning, which requires

surveillance or evaluation over some period of time. 

7. The term “dynamic license database” means “a modifiable database in which file

access control and license use information is stored and can be written.” 

8. The term “system fingerprint” means “the value that uniquely identifies a

system.” 

9. The term “license monitor and control mechanism communicating with a

dynamic license database [and/for] monitoring use of the digital content by a user to determine 

whether a use of the digital content by a user comp[li]es with the license defined in the dynamic 

license database” means: 

Function: 

(1) communicating with a dynamic license database, and

(2) monitoring use of the digital content by a user to determine whether a use of the

digital content by a user complies with the license defined in the dynamic license

database.

Corresponding structure: 

Col. 4:53-62, 13:59-14:2, 14:7-13, 14:44-15:54, 16:10-25, 17:18-23, 17:46-61, 18:61-

19:5, 19:40-20:3, 23:8-24 of the ’567 patent, and equivalents thereof. 
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10. The term “adaptive fingerprint security mechanism responsive to an

attempted access of the digital contents for obtaining current system fingerprint information 

from the user system and comparing the current system fingerprint information with the 

system fingerprint information in the dynamic license database” means:  

Function: 

(1) responding to an attempted access of the digital contents for obtaining current system

fingerprint information from the user system, and

(2) comparing the current system fingerprint information with the system fingerprint

information in the dynamic license database.

Corresponding structure: 

Col. 5:4-13, 24:41-45, 24:52-25:5, 25:12-46 of the ’567 patent, and equivalents thereof. 

11. The term “adaptive fingerprint security mechanism for accessing a user system

and determining fingerprint information identifying the user system” means: 

Function: 

(1) accessing a user system, and

(2) determining fingerprint information identifying the user system

Corresponding structure: 

Col. 5:4-13, 24:41-45, 24:52-25:5, 25:12-46 of the ’567 patent, and equivalents thereof. 

SO ORDERED, this _________ day of ________________, 2021. 

____________________________________ 
The Honorable Richard G. Andrews 

1st November

/s/ Richard G. Andrews
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(22) Filed: 
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Prior Publication Data 
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MULTIPLE CHIP MODULE AND PACKAGE 
STACKING FOR STORAGE DEVICES 

BACKGROUND 

1. Field 

2 
be implemented vertically, horizontally or both, depending 
on board area and desired capacity. 

BRIEF DESCRIPTION OF DRAWINGS 

So that the manner in which the above recited features, 
advantages and objects of the present invention are attained 
and can be understood in detail, a more particular description 
of the invention, briefly summarized above, may be had by 

The present invention relates to computer systems. More 
particularly, the present invention relates to flash memory 
based semiconductor disk drives and a method of using mul­
tiple chip module (MCM) and Package Stacking technique to 
support miniaturization and memory scalability. 

10 reference to the embodiments thereof which are illustrated in 
the appended drawings. 

2. Description of Related Art 

A flash memory based semiconductor disk drive typically 
use separate packages for the interface controller, the DMA 
controller, the processor and separate packages for the Flash 
devices, the FPROMs and the RAMs. This current method 

It is to be noted, however, that the appended drawings 
illustrate only typical embodiments of this invention and are 
therefore not to be considered limiting of its scope, for the 

15 present invention may admit to other equally effective 
embodiments. 

limits the miniaturization of the entire storage device. In order 

FIG. la shows the block diagram of the stackable system 
for high performance, high capacity devices according to an 
example embodiment of the present invention. 

FIG. lb shows the block diagram of the stackable system 
for lower performance, lower capacity devices according to 
an example embodiment of the present invention. 

to achieve the move to miniaturization, chip modules and 
20 

packages need to be stacked. Stacking both on chip module 
and package level maximizes the capacity in a limited area 
thus realizing the move to miniaturize the entire storage 
device. A technique in stacking chip modules and packages 
strategically to support miniaturization and memory scalabil­

FIG. 2a, 2b, 2c depict the SDRAM module's top and 
bottom drawings and a cross sectional representation of 

25 stacked multiple SD RAM modules according to an example 
embodiment of the present invention. ity in both vertical and horizontal orientation is therefore 

proposed. 

SUMMARY OF THE INVENTION 

FIG. 3a, 3b, 3c depict the flash module's top and bottom 
drawings and a cross sectional representation of stacked mul­
tiple flash modules according to an example embodiment of 

30 the present invention. 
FIG. 4a, 4b depict the first high-end controller module's 

top and bottom drawings according to an example embodi­
ment of the present invention. 

In the stacking technique illustrated in example embodi­
ments of the present invention, semiconductor dies are 
mounted in a module to become a MCM which serves as the 
basic building block. Combination of these modules and dies 

FIG. Sa, Sb depict the memory module's top and bottom 
35 drawings according to an example embodiment of the present 

in a substrate creates a package with specific function or a 
range of memory capacity. These packages are stacked to 
increase capacity or add functions. A combination of different 
existing technology such as flip chip, wire bond, MCM, mod­
ule stacking, advance packaging, etc. are used to accomplish 40 

highly reliable module to module and package to package 
interconnection and scalability. A single package can have a 
wide range of capacity depending on the memory capacity of 
the die used and the number of modules stacked within the 
package. In the proposed package stacking technique, the 
stacked modules in a package serve as the building blocks for 
the package level stacking. Multiple packages are stacked to 
create the desired memory capacity and different packages 
are stacked to create desired function. Expansion can be done 
both on the vertical and horizontal orientations. The tech­
nique is in the assigmnent of pins. Small capacity miniature 
storage devices can use the vertical expansion, while high 
capacity devices with larger form factors can use both vertical 
and horizontal expansion to maximize capacity. By using this 

55 
technique, large capacity storage devices are implemented in 

invention. 
FIG. 6a, 6b depict the first low-end controller module's top 

and bottom drawings according to an example embodiment of 
the present invention. 

FIG. 7 a, 7 b depict the second high-end controller module's 
top and bottom drawings according to an example embodi­
ment of the present invention. 

FIG. Sa, Sb depict the second low-end controller module's 
top and bottom drawings according to an example embodi-

45 ment of the present invention. 
FIG. 9 depicts the stacked SDRAM modules further 

stacked on the controller module according to an example 
embodiment of the present invention. This configuration is 
used for high end applications. The figure also shows how the 

50 balls have corresponding pads for inter-module connection. 

a small package device, and larger form factors achieve big­
ger memory capacities. 

FIG. 10 depicts stacked flash modules further stacked on 
the memory module according to an example embodiment of 
the present invention. The figure also shows how the balls 
have corresponding pads for inter-module connection. 

FIG. 11 depicts the possible stacking options for the first 
high-end controller module and the memory modules accord­
ing to an example embodiment of the present invention. A 
substrate interface is used to attach one group of stacked 
modules to another. 

FIG. 12a is an isometric exploded drawing of the stacking 
technique presented in FIG. 11 according to an example 
embodiment of the present invention. Multiple identical 
stacking is not included in this drawing. 

The present invention takes advantage of the existing 
stacking technology both on the module and package level. 60 

This maximizes the capacity in a small area, realizing the 
miniaturization transition. Modular approach is used in cre­
ating basic building blocks which can be tested individually 
and replaced easily prior to final packaging, making the tech­
nique reliable, and cost effective. A wide range of capacity 
can be configured through variation of die capacities and 
stacking modules and/or packages. Expanding capacity may 

FIG. 12b is another package stacking technique using Pin 
65 GridArray (PGA) rather than Ball GridArray (BGA) accord­

ing to an example embodiment of the present invention. This 
is used for easy replacement and expansion. 
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main controller-processor can support from one memory set 
to a maximum of 15 memory sets. This is a maximum support 
of 1,920 flash devices. 

FIG. lb is a block diagram ofa flash storage system accord-

FIG. 13 depicts the low-end controller module configura­
tion with stacked flash module according to an example 
embodiment of the present invention. The figure also shows 
how the balls have corresponding pads for inter-module con­
nection. s ing to a second example embodiment of the present invention. 

FIG. 14 is an isometric exploded version of the stacking 
technique presented in FIG. 11 according to an example 
embodiment of the present invention. 

The block diagram shows the entire low-end system that is 
modularized, stacked, and packaged to achieve the desired 
features of the technique. Since a low-end system may not 
require a large amount of memory capacity, SD RAM may be FIG. 15a, 15b depict the second high-end controller mod­

ule configuration with stacked memory modules according to 
an example embodiment of the present invention. The figures 
also show how the balls have corresponding pads for inter­
module connection. 

10 limited to one bank 109, or none at all, and the supported flash 
devices may also be limited to only two sets of flash buses. 
One set of flash buses 110 consists of four flash bus with 8 
flash devices supported per flash bus, which results in a maxi-

FIG. 16 is an isometric exploded version of the stacking 
technique presented in FIG. 14 according to an example 15 

embodiment of the present invention. 
FIG.17a, 17b depict the second low-end controller module 

configuration with stacked memory modules according to an 
example embodiment of the present invention. The figures 
also show how the balls have corresponding pads for inter- 20 

module connection. 
FIG. 18 is an isometric exploded version of the stacking 

technique presented in FIG. 17 according to an example 
embodiment of the present invention. 

FIG. 19 shows a pin assignment and connection technique 
25 

to be able to select specific layer in a multi-stacked module 
according to an example embodiment of the present inven­
tion. 

FIG. 20a shows another pin assignment technique which 
30 

uses a rotational stacking orientation to allow stacking of four 
identical modules representing different bus interfaces 
according to an example embodiment of the present inven­
tion. 

FIG. 20b shows a cross-section representation of the four 35 
stacked modules on a rotational stacking technique and how 
their pins mates according to an example embodiment of the 
present invention. 

mum supported number of 64 flash devices. 
From the basic dies; SDRAM, FPROM, flash memory, 

flash interface controller, and the main controller-processor, 
single and multiple chip modules are created to become the 
basic building blocks for the stacking technique presented in 
the present invention. Referring to FIG. 2a which is a top view 
of an SD RAM module, three SD RAM dies 201 are placed in 
a single substrate 203 to become the SD RAM module which 
is one of the basic building blocks. The SDRAM module is 
represented in FIG. 1 as a single bank 102 composed of 
SDRAM 00, SDRAM 01, and SDRAM 02 connected to the 
SDRAM interface 103. All signals needed to interface to the 
controller module and other SD RAM modules are assigned in 
both the bottom balls 204 and top pads 202 respectively. 
Bottom balls 204 are shown in FIG. 2bwhichis a bottom view 
of the SDRAM module, three slots 205 are created under the 
SDRAM die's pad attach area to accommodate bottom wire 
bonding. FIG. 2c is the stacked module cross sectional rep-
resentation. Top pads 202 and bottom balls 204 act as the 
vertical interconnects between all SDRAM modules and to 
the controller module. Varying the SD RAM die capacity and 
the stack quantity, results in wide range of total SDRAM 
capacity depending on the product application. The SD RAM 
device organization, capacity and bank limitations are 
defined by the main controller-processor's SD RAM interface 
specifications. The main controller-processor intended to be FIG. 21a shows another pin assignment and connection 

technique to be able to connect a serial chain route from 
multiple modules in a stack according to an example embodi­
ment of the present invention. 

40 used for this example embodiment of the present invention 
supports a 32-bit wide 4 banks maximum SDRAM configu-
ration. 

FIG. 21b shows the routing of a serial chain connection 
from one stack location to another allowing application of 
both vertical and horizontal expansion independently or 45 

simultaneously according to an example embodiment of the 
present invention. 

FIG. 3a is a top view that shows four flash dies 301 in a 
single substrate 303 that collectively form part of a flash 
module, which can also function as a basic building block. All 
signals needed to interface with the memory module and 
other flash modules are assigned in both the bottom balls 304 
and the top pads 302, respectively, as shown in FIGS. 3a, 3b 
and 3c. In FIG. 3c, the flash modules are stacked. Maximum DETAILED DESCRIPTION OF THE INVENTION 

FIG. la is a block diagram ofa flash storage system accord­
ing to a first example embodiment of the present invention. 
The block diagram shows the entire high-end system that is 
modularized, stacked, and packaged to achieve the desired 
features of the technique. The heart of the system is the main 
controller-processor 101 which interfaces with the flash 
memory, the flash PROM and the SDRAM memory blocks. 
The SD RAM is configured from a single bank 102 to a maxi­
mum of four banks depending on the desired capacity. Each 
bank such as 102 includes 3 SD RAMs. The flash devices such 
as 107 are controlled by the Flash Interface Controller such as 
105. Each controller supports four flash buses such as flash 
bus Al 1 106, and each flash bus supports a maximum of 8 
flash devices. The main controller-processor supports four 
flash interface controllers through 4 different busses such as B 
bus 104. The four flash interface controllers with their corre­
sponding flash devices comprise the memory set 108. The 

so stack quantity depends on the flash interface controller speci­
fications. Top pads 302 and bottom balls 304 acts as the 
vertical interconnects between stacked flash modules and to 
the memory module. Varying the flash die capacity and the 
stacking quantity, results in a wide range of total flash capac-

55 ity depending on the product application and capacity 
requirements. The flash device organization and capacity 
limitations are defined by the flash interface controller's 
specifications. The flash interface controller intended to be 
used for this used for this example embodiment of the present 

60 invention supports 8 flash devices per flash bus, thus allowing 
a maximum stacking of 8 flash modules. 

FIG. 4a shows the top view of the first example embodi­
ment of the present invention illustrated in a first high-end 
controller module configuration. A single FPROM die 401 is 

65 placed at the center of the substrate 404. Pads are composed 
of two sections, one for the SD RAM module interface shown 
as 402 and another for the memory module interface shown as 
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403. This technique enables multiple stacking of both 
SD RAM modules and memory modules in a single package. 
FIG. 4b shows the bottom view of the controller module. A 
single main controller-processor die 406 is placed at the cen­
ter of the substrate. The controller module becomes a base 5 

module for the package. The balls 405 are used to connect to 
the main substrate which is typically a printed circuit board 
(PCB). 

FIG. Sa shows the top view of the memory module which 
is also a basic building block. A single flash interface control- 10 

!er die 501 is placed on the center of the substrate 504. Pads 
are composed of two sections, one for the flash module inter­
face shown as 502 and another for the other memory module 
interface shown as 503. This technique enables multiple 
stacking of flash modules and memory modules in a single 15 

package. The memory module becomes a base module for the 
package. FIG. Sb shows the bottom view of the memory 
module. The memory module balls 505 are used to connect to 
the main substrate PCB, to the controller modules or to the 
other memory modules depending on the type of configura- 20 

tion desired. 
FIG. 6a shows the top view of the second example embodi­

ment of the present invention illustrated in a first low-end 
controller module configuration. Two SDRAMs 601 and a 
single FPROM 602 are placed on top of the module. This 25 

configuration is flexible. The SD RAMs can be unpopulated in 
a low performance application. Internal SRAMs in the main 
controller-processor will take over the SDRAM functions. 
The main controller-processor 605 is placed at the bottom of 
the module. This configuration does not allow stacking of the 30 

SDRAM which is not necessary for low capacity applica­
tions. Flash modules are stacked on top, interfacing to the 
pads 603. The substrate 604 is the same size as the flash 
module making its final package smaller. The bottom balls 

6 
can be placed on top of a controller module. The pads for the 
SD RAM module interface 903 must align with the SD RAM 
module balls 904. The bottom-most SDRAM module 905 
serves as bank 0, and the top-most module 906 serves as bank 
3. For low capacity SDRAM requirements, only a single or 
dual bank is enough. High capacity devices needs to have a 
maximum SD RAM capacity, thus stacking the maximum of 4 
modules. The outer pads 907 are for the memory module 
interface. 

FIG. 10 shows the stacking of flash modules 1001 and 
memory module 1002. A four-stack or eight-stack flash mod­
ule is placed on top of a memory module. The pads for the 
flash module interface 1003 must align with the flash module 
balls 1004. The outer pads 1005 are for other memory module 
interface. The flash interface controller intended to be used 
for this example embodiment of the present invention sup­
ports a maximum of 4 flash buses and each flash bus supports 
a maximum of8 flash devices. The bottom-most flash module 
1006 contains the 4 flash buses' Flash 00 devices and the 
top-most module 1007 contains the 4 flash buses' Flash 07 
devices. 

FIG.11 shows a sample of a maximized stacking technique 
that can be configured through vertical, horizontal or com­
bined expansion. Multiple staking will increase the overall 
height of the module, thus requiring a filler 1101 to physically 
interconnect two stacked modules. A thinner filler 1102 may 
be used depending on the height differential between the 
modules which is dependent to the number of stacks applied. 
A controller module with the stacked SD RAM modules act as 
the controller package 1103. A memory module with stacked 
flash modules acts as the memory package 1104. Four 
memory packages stacked together form the memory set 
1105. Vertical expansion happens when the controller pack­
age is stacked with a single or multiple memory sets. The 

606 are used to interface with the main PCB. 35 figure shows a single memory set to be stacked to the con­
troller package. Horizontal expansion happens when the con­
troller package is located on a different site on the PCB 
relative to the memory sets. Also multiple memory sets can be 

FIG. 7a shows the top view of the first example embodi­
ment of the present invention illustrated in a second high-end 
controller module configuration, where four memory mod­
ules 701 can be mounted on separate locations adjacent to 
each other. Memory module interface pads 704 are allocated 40 

for multiple stack configurations. In the middle of the 
memory module interface pads, 3 SDRAM dies 702 are 
mounted. Each area corresponds to one SDRAM bank 703, 
totaling to a maximum of 4 SDRAM banks in the package. 
The bottom view is presented in FIG. 7b, where the main 45 

controller-processor die 705 and the FPROM die 706 are 
mounted adjacent to each other. The module's balls 707 are 
used for external interface to the main PCB. 

FIG. Sa shows the top view of the second example embodi­
ment of the present invention illustrated in a second low-end 50 

controller module configuration, where only two memory 
modules 801 can be mounted side-by-side. Memory module 
interface pads 802 are allocated for multiple stacking con-

located on different sites on a PCB. Combo expansion hap­
pens when both vertical and horizontal expansion technique 
is implemented simultaneously. The expansion technique is 
very flexible depending on the desired memory capacity, 
main PCB size limitations and also height limitations. 

FIG. 12a shows the isometric and exploded drawing of the 
stacking technique for the first high-end controller configu­
ration. Pins are assigned strategically and modules are 
stacked to make possible the miniaturization of the entire 
system in a package. 
1201-The Flash Module 
1202-The Flash Die 
1203-The Flash Module Pad Interface to other Flash Mod-

ules 
1204-The Flash Module Solder Balls 

figurations. In the middle of the memory module interface 1205_ The Memory Module 
pads, 3 SDRAM dies 803 are mounted. Each area corre- 55 1206_ The Flash Interface Controller Die 
sponds to one SD RAM bank 804, totaling to only a maximum 
of2 SD RAM banks in a package. The SD RAM can either be 
mounted or not depending on the application. Internal 
SRAMs can also be used instead of the SDRAMs. The 
stacked memory modules can also be configured to support 
both internal and external flash interface controller applica­
tions. The bottom view is presented in FIG. Sb, where the 
main controller-processor die 805 and the FPROM die 806 
are mounted adjacent to each other. The module balls 807 are 
used for external interface to the main PCB. 

FIG. 9 shows the stacking of SDRAM module 901 and 
controller module 902. A single or stacked SD RAM module 

1207-The Memory Module Pad Interface for the Flash 
Module 

1208-The Memory Module Pad Interface for the other 

60 
Memory Modules 

1209-The Memory Module Solder Balls 
1210-The SDRAM Module 
1211-The SDRAM Die 
1212-The SD RAM Module Pad Interface to other SD RAM 

65 Modules 
1213-The SDRAM Module Solder Balls 
1214-The Controller Module 
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1215-The FPROM Die on top side and the Main Controller­
Processor Die at the bottom side. 

1216-The Controller Module Pad Interface to the SD RAM 
Modules 

1217-The Controller Module Pad Interface to the Memory 5 

Modules 
1218-The Controller Module Solder Balls 

FIG. 12b is another technique used in this invention to ease 
replacement and facilitate expansion. Instead of using Ball 
Grid Array (BGA), Pin Grid Array (PGA) 1219 is used. This 10 

method makes it more flexible due to the technology's inher­
ent feature where replacement is done swiftly without any 
assembly process involved. Horizontal expansion is also ben­
efited in this technology. The figure shows the stacked 
memory module as an example. The memory module is pack- 15 

aged using the PGA technology, where the top portion of the 
package becomes the socket 1220 and the bottom portion the 
pin arrays 1219. The filler 1221 becomes the package's top 
socket and is interfaced into the base module 1222 through 
the BGA 1223. The base module uses PGA to interface to the 20 

bottom package orto the main board 1224. Filler 1225 is also 
mounted into the main board to interface the stacked memory 
modules. 

FIG. 13 shows the stacking of the flash module 1301 and 
the first low-end type of controller module 1302. A single or 25 

stacked flash module can be placed on top of the controller 
module. The pads for the flash module interface 1303 must 
align with the flash module balls 1304. This configuration is 
for low capacity low performance applications. The number 
of flash modules to be stacked depends on the desired capac- 30 

ity and is limited to the supported feature of the main control­
ler-processor. The main controller-processor's flash interface 
can support a maximum of 8 buses and a maximum of 8 flash 
devices per bus. 

FIG. 14 shows the isometric and exploded drawing of the 35 

stacking technique for the first low-end controller configura­
tion. Pins are assigned strategically and modules are stacked 
to make possible the miniaturization of the entire system in a 

8 
FIG. 16 shows the isometric and exploded drawing of the 

stacking technique discussed in FIG. 15. Pins are assigned 
strategically and modules stacked to make possible the maxi­
mum stacking and interconnection between modules. As pre­
viously discussed in FIG. 11, fillers are used to physically 
connect two stacked successively stacked modules. 
1601-The Flash Module 
1602-The Flash Dies 
1603-The Flash Module Pads Interface to other Flash Mod-

ules 
1604-The Flash Module Solder Balls 
1605-The Memory Module 
1606-The Flash Interface Controller Dies 
1607-The Memory Module Pad Interface to Flash Modules 
1608-The Memory Module Pad Interface to other Memory 

Modules 
1609-The Memory Module Solder Balls 
1610-The Controller Module 
1611-The SDRAM Dies on top side and the FPROM and 

Main Controller-Processor at the bottom side 
1612-The Controller Module Pads Interface to the Memory 

Modules 
1613-The Controller Module Solder Balls 

FIG. 17a shows the stacking technique for the second 
low-end configuration. The stacked flash modules 1701 are 
further stacked on top of the memory modules 1702 which are 
then mounted on the controller module 1703 on two different 
locations. This technique can use both internal and external 
flash interface controller configurations, making this tech-
nique flexible. The cross-sectional view is shown in FIG. 17b. 
The memory module balls 1704 must align to the pad inter-
face 1705 on the controller module. The controller balls 1706 
will become the external interface to the main board. The final 
package is twice the size of the first high end option. 

FIG. 18 shows the isometric and exploded drawing of the 
stacking technique discussed in FIG. 17. Pins are assigned 
strategically and modules stacked to make possible the maxi­
mum stacking and interconnection between modules. As pre­
viously discussed in FIG. 11, fillers are used to physically package. 

1401-The Flash Module 
1402-The Flash Die 

40 connect two stacked successively stacked modules. 
1801-The Flash Module 

1403-The Flash Module Pad Interface to other Flash Mod-
ules 

1404-The Flash Module Solder Balls 
1405-The Controller Module 
1406-The FPROM Die and the Main Controller-Processor 

Die at the bottom 
1407-The SDRAM Die 

1802-The Flash Dies 
1803-The Flash Module Pads Interface to other Flash Mod-

ules 
45 1804-The Flash Module Solder Balls 

1805-The Memory Module 
1806-The Flash Interface Controller Dies 
1807-The Memory Module Pad Interface to Flash Modules 
1808-The Memory Module Pad Interface to other Memory 

1408-The Controller Module Pad Interface to the Flash 50 Modules 
Modules 

1409-The Controller Module Solder Balls 
FIG. 15a shows the stacking technique for the second 

high-end controller configuration. The stacked flash modules 
1501 are further stacked on top of the memory modules 1502 
which are then mounted on the controller module 1503 on 
four different locations. Four memory modules can be 
mounted on four different locations on the controller module 
creating a memory set. Stacking more memory sets increases 
the total capacity. The cross-sectional representation of the 
said stacking technique is shown in FIG. 15b. The memory 
module balls 1504 must align to the pad interface 1505 on the 
controller module. As previously discussed in FIG. 11, fillers 
are used to physically connect two successively stacked mod­
ules. The controller balls 1506 will become the external inter­
face to the main board. The final package is 4x bigger than the 
first high end option. 

1809-The Memory Module Solder Balls 
1810-The Controller Module 
1811-The SDRAM Dies on top side and the FPROM and 

Main Controller-Processor at the bottom side 
55 1812-The Controller Module Pads Interface to the Memory 

Modules 
1813-The Controller Module Solder Balls 

A more detailed technique on how the pins are assigned 
and how modules are placed with different orientation in the 

60 stack is discussed in the following paragraphs. 
FIG. 19 shows a first pin assignment and connection tech­

nique that enables a selection of specific module in a multiple 
module stack. The figure illustrates the controller and 
SD RAM modules as an example. The SD RAM module balls, 

65 such as 1907, are represented by big oblong shapes, and the 
pads such as 1908 are represented by smaller oblong shapes. 
A pad to ball connection is represented by a rectangle, such as 
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1906. The controller module has four active pads such as 
1904, one each for the four SD RAM modules such as 1901. 
The controller module's active pad 00 1904 is connected to 
SDRAM module O's XO ball 1903, pad 01 to SDRAM mod­
ule 1 's XO ball 1902, and so on. The XO balls are the active 5 

balls for the SDRAM modules. All SDRAM modules are 

10 
connected to INball 2107 of the first stack module 2106, and 
so on. The top module 2108 terminates the signal to the top 
pad 2109 and routes, with connection 2112, the signal inter-
nally to another pad 2110 which is connected directly to the 
ball 2113 underneath. Since the modules are identical, this 
routed signal passes through the pads and balls 2111 of the 
stack until it reaches the OUT pad 2114 of the main board for 
external access. How the top module terminates the serial 
chain and branches them out to other pads is shown in FIG. 

10 21b. All modules have a selectable buffer 2115 that tri-states 

identical which include the connections as follows: Xl ball is 
connected to Xl pad, X2 ball to X2 pad, and so on. The 
technique involves using a ladder-like routing path, such as 
1905 on the stacked modules. This technique enables the 
controller module's active pad to be routed to the desired 
specific module in the stack. The example embodiment illus­
trated in FIG. 19 comprises a repeating pattern for the balls 
and pads. Passive balls are connected within each module to 
passive pads with an offset distance equaling one periodic 15 

distance of the repeating pattern. The importance is the 
approach using repeating pattern and offsetting of the passive 
ball to passive pad within each module, other offset distances 
can be used also in other embodiment of the present inven­
tion, e.g. using an offset of two or any multiple of the periodic 20 

distance of the repeating pattern. The example embodiment 
does not limit the scope of the present invention. 

Another pin assignnient, connection, and stacking combo 
method introduced in this invention is the rotational stacking 
technique. FIG. 20a shows the pad interconnects for a certain 25 

base module and strategic numbering is assigned. Pads 
labeled with numbers 1 to 4 represent the four different 
groups of signals. Pads labeled with the number 5 are used for 
the vertical stacking IOs (more details are illustrated in FIG. 
21a). Pads labeled with the number 6 are reserved for power 30 

and ground which are common to all modules in the stack. 
Since the stacked modules are identical, we can use rotational 
stacking to connect one module to one group of signals and 
the following rotated stacked module connects to another 
group of signals, and so on. This way ensures four identical 35 

modules to be stacked and connected to four different groups 
of signals from the base module which is typically a control­
ler. Pad 1 2001, upon the substrate being rotated 90 degrees 
clockwise, occupies pad 2 2002 location relative to an un­
rotated substrate such as the base substrate which is typically 40 

a controller. In a similar manner pad 1 2001 can be located at 
pad 3 2003 location, then pad 4 2004 location upon the 
substrate being rotated 180 and 270 degrees clockwise 
respectively. 

FIG. 20b shows a cross-sectional view of four such mod- 45 

ules stacked over the base module. Memory and Controller 
modules are used as example. Pin 1 s such as 2005 on the 
stacked modules are the only active signal pins for the mod­
ule. The rest (numbered2 to 4) 2006 are directly connected to 
the balls underneath them but have no other connections. This 50 

way connection is continued from bottom to top. The active 
pin 2007 of the first module 2008 is aligned to pin 1 pad 2009 
on the base module, and the second module's active pin 2010 
is aligned on pin 2 2011 of the base module with second 
module being rotated 90 degrees clockwise. Since pin 2 2012 55 

on the first module is directly connected to the ball under­
neath, this allows the pin 1 on the second module 2013 to be 
connected to pin 2 2011 of the base module. Rotating the next 
stacked module 90 degrees more, will align it's active pin to 
the base module pin 3 and so on until the forth rotation. 60 

The last connection technique is used for serial routing of 
all modules in the stack and allowing them to be externally 
accessible for horizontal expansion on a PCB, such as a main 
board. FIG. 21a shows how this technique is implemented in 
the stacking method. The main board 2101 contains the input 65 

signals 2102 which will then be connected to IN ball 2104 of 
the base module 2103. The base module's OUT pad 2105 is 

the input when pulled low. The signal from the IN balls 2116 
enters the internal circuit 2117 and exits the circuit connect­
ing to the OUT pad 2118. The buffer's 2115 control line is 
weakly pulled up internally. The "StkLow" ball is connected 
internally to GND 2119, thus pulling down the buffer control 
line when a module is stacked above it, and it is pulled up 
when no module is stacked directly above it. When the buffer 
control line is pulled high, it will let the input signal branch 
out 2120 to the other pads, thus creating a connection route or 
trace that loops back to the base module solder balls. When a 
module is stacked above a module that is disposed with 
selectable buffer 2115 in the marmer shown, the buffer control 
signal is pulled low, tri-stating the input signal and disallow­
ing the branching effect. This technique allows the signal to 
be accessible to the external balls of the base module, thus 
horizontal expansion for a serial signal is achievable. The 
balls are then routed, with connection 2121, to the other 
modules 2122 on the other locations. The same technique is 
used on the main board 2123, when no package is detected on 
the "StkLow" pad, the buffer allows the input to connect to the 
designated pads on the other locations. The tri-stated buffer 
technique is redundant to all locations. An example is the 
JTAG TDI-TDO signal. The diver circuit 2125 sends out TDI 
signals to the pads and the closing TDO signal 2124 loops 
back to the driver circuit. 

Combining these stacking, pin assigning and connection 
techniques allow interconnection between modules with both 
parallel and series signals to both vertical and horizontal 
expansion. The technique is very flexible depending on the 
specific application, capacity, board size and height limit. 

We claim: 
1. A stacked module comprising a plurality of modules 

each comprising: 
one or more active ports for carrying one or more active 

signal; 
one or more passive ports for passing through the one or 

more active signals; 
a first serial chain route that includes at least one serial 

chain connection, the serial chain connection including: 
a serial chain circuit, a serial chain input, and serial chain 
output; said serial chain input coupled to said serial 
chain output through said serial chain circuit; 

a second serial chain route and a control circuit for enabling 
a routing path that connects the first serial chain route 
with the second serial chain route within an end module; 
and 

said control circuit is disposed to enable the routing path in 
response to a control input signal received from another 
module from the plurality of modules when the end 
module is coupled to the another module. 

2. The stacked module of claim 1 wherein the one or more 
passive port forms a ladder like routing path, and the passive 
port connects a passive ball on one surface of a module to a 
passive pad on another surface of the module. 

3. The stacked module of claim 2: 
wherein each of the plurality of modules comprises a first 

side and a second side; 
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wherein the one or more active port is connected to one or 
more active ball on the first side of one or more corre­
sponding module; 

12 
8. The stacked module of claim 6, wherein the second 

target location is located between the first and second outside 
surfaces. 

wherein the one or more passive port is connected to one or 
more passive ball on the first side and one or more 
passive pad on the second side of one or more corre­
sponding module; 

9. The stacked module of claim 1 wherein one or more of 
5 the plurality of modules is rotated before being stacked and 

the one or more passive port forms a rotational routing path. 
10. The stacked module of claim 9: 

wherein each of the one or more passive ball and each of the 
one or more passive pad connected to a same passive 
port are located between a pre-determined distance to 10 

each other in a repeating pattern, the pre-determined 
distance equaling a multiple of a periodic distance of the 
repeating pattern; 

wherein one or more active port of a base module is routed 
to a same location on one or more modules through the 15 

ladder like routing path; and 
wherein at least one of the one or more passive ball and one 

or more passive pad forms a ladder like routing path. 
4. The stacked module of claim 2, wherein: 

20 
the stacked module further includes a first outside surface 

and a second outside surface, the first and second outside 
surfaces disposed to face opposite each other; and 

at least one of the plurality of modules includes a first 
module having a first target location terminating 25 
between the first and second outside surfaces. 

5. The stacked module of claim 4, wherein the plurality of 
modules further includes a second module and a third mod-

wherein each of the plurality of modules comprises a first 
side and a second side; 

wherein the one or more active port is connected to one or 
more active ball on the first side of one or more corre­
sponding module; 

wherein the one or more passive port is connected to one or 
more passive ball on the first side and one or more 
passive pad on the second side of one or more corre­
sponding module; 

wherein each of the one or more passive ball and each of the 
one or more passive pad connected to a same passive 
port are located opposite each other in a repeating pat­
tern; 

wherein one or more active port of a base module is routed 
to a same location on one or more modules through the 
rotational routing path; and 

wherein at least one of the one or more passive ball and one 
or more passive pad form a rotational routing path. 

11. The stacked module of claim 1 wherein one or more of 
the plurality of modules includes a main board. 

12. The stacked module of claim 11 wherein one or more 
ule, the second module including a second module surface vertically stacked module is connected to the main board. 
that includes the first outside surface and the third module 30 13. The stacked module of claim 1: 
including a third module surface that includes the second 
outside surface. 

6. The stacked module of claim 2, further including a 
second ladder like routing path; and wherein: 

the plurality of modules includes a first module and a 35 

second module, the first and second modules respec­
tively including a first target location and a second target 
location, the second target location located within the 
stacked module; and 

the ladder like routing path for routing one of the active port 40 

to the first target location, and the second ladder like 
routing path for routing another one of the active port to 
the second target location. 

7. The stacked module of claim 6, further including a 
second ladder like routing path; and wherein: 45 

the stacked module includes a first outside surface and a 
second outside surface, the first and second outside sur­
faces disposed to face opposite each other; 

the ladder like routing path terminates at the first target 
location; and 50 

the second ladder like routing path terminates at the second 
target location, the second target terminating within the 
stacked module and located between the first and second 
outside surfaces. 

wherein each of the plurality of modules comprises a first 
side and a second side, and the one or more passive ports 
includes a first passive port connected to a passive ball 
disposed on the first side and to a passive pad disposed 
on the second side of a module from the plurality of 
modules; 

wherein the serial chain input includes the passive ball and 
the serial chain output includes the passive pad 

wherein the passive ball and the passive pad are located 
opposite each other; and 

further including a base module having an active port for 
providing a signal, said signal routed to a same location 
on the plurality of modules through the first serial chain 
route. 

14. The stacked module of claim 1: 
wherein the routing path includes one or more tri-state 

driver controlled by the control circuit. 
15. The stacked module of claim 14 further including: 
a main board coupled to another stacked module having a 

third serial chain route; and 
another control circuit for enabling another routing path 

that connects the second serial chain route with the third 
serial chain route. 

* * * * * 
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UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION

PATENT NO. 7,826,243 B2 Page 1 of4
APPLICATION NO.
DATED : November 2, 2010

INVENTOR(S) : Rey Bruce et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Drawings

Please insert Figure 5b by replacing Drawing Sheet 6 of 28 with Replacement Sheet 6 of 28 attached
hereto.

In the Specification

Column 3, Line 39, replace “to be able to connect” with --for creating--;
Column 3, Line 39, replace “chain route from” with --chain route through--;
Column 3, Line 40, after “in a stack” insert --by connecting a set of serial chain connections,--;
Column 3, Line 40, replace “to an example” with --to another example--;

Column 9, Line 3, before “The controller” insert --An active pad may be also referred to herein as an

“active port.”--;
Column 9, Line 3, replace “is connected” with --is ultimately connected--;
Column 9, Line 4, delete “SDRAM module 0’s”;
Column 9, Line 4, replace “ball 1903, pad 01” with --ball 1903 of SDRAM module 0, active pad 01--;
Column 9, Line 4, after “pad 01” insert --is connected--;
Column 9, Lines 4-5, replace “SDRAM module 1’s X0 ball 1902” with --X0 ball 1902 of SDRAM
module 1--;
Column 9, Line 5, replace “The X0 balls” with --These X0 balls--;
Column 9, Line 6, replace “for the SDRAM modules.” with --for these SDRAM modules. Thus, as

illustrated in Figure 19, there is one active ball, such as X0, ultimately coupled to one active pad per
module.--;
Column 9, Line 6, before “All SDRAM modules” insert paragraph break;
Column 9, Line 7, replace “identical which” with --identical, and in the example shown in FIG. 19,--;
Column 9, Line 7, replace “include the connections as follows:” with --include the following:--;
Column 9, Line 7, replace “X1 ball” with --an X1 passive ball--;
Column 9, Line 8, replace “X1 pad” with --an X1 passive pad--;
Column 9, Line 8, replace “X2 ball to X2 pad” with --an X2 passive ball to X2 passive pad--;

Signed and Sealed this

Twenty-eighth Day of November, 2017
os

“os RE face Pend?
Joseph Matal

Performing the Functions and Duties ofthe
Under Secretary ofCommercefor Intellectual Property and
Director ofthe United States Patent and Trademark Office

BIT_INT0001103
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CERTIFICATE OF CORRECTION (continued) Page 2 of 4
U.S. Pat. No. 7,826,243 B2

Column 9, Line 8, after “and so on.” insert --The connection between a passive ball on one surface of
a SDRAM module and a passive pad on another surface of the same SDRAM module, such as the X1

passive ball and X1 passive pad connection in FIG. 19, is named “passive port’’, as as passive ports
1909 illustrated in FIG. 19.--;
Column 9, Line 12, after “module in the stack.” insert --Thus, an active signal applied at an active pad,
such as active pad 02, shown with reference number 1904 on controller module 1910, is routed

through at least one passive port connecting a passive ball and passive pad, such as the passive ports
1905 connecting passive ball X2 to passive pad X2 and passive ball X1 to passive pad X2,
respectively, so that this active signal eventually reaches an active ball, such as X0 ball SDRAM
Module 2, in Figure 19.--;
Column 9, Line 16, after “the repeating pattern.” insert --For example in Figure 19, an X1 passive ball
is connected to an X1 passive pad, X2 passive ball to X2 passive pad, etc.--;
Column 9, Lines 16-17, replace “The importance is the approach using” with --By using--;
Column 9, Line 19, delete “also”;
Column 9, Line 19, replace “in other embodiment” with --in alternative embodiments--;
Column 9, Lines 19-20, replace “invention, e.g. using” with --invention. For example, an alternative
embodiment may include using--;
Column 9, Lines 21-22, replace “The example embodiment does not limit” with --This alternative
embodiment is not intended to limit--;
Column 9, Line 22, replace “the present invention.” with --the present invention in any way.--;
Column 9, Line 67, after “module 2103.” insert --The modules, including base module 2103, stack
modules 2106 and 2130, and an end module, such as top module 2108, each have a ball and a pad that
are coupled together by a serial chain circuit. For example, base module 2103 includes a serial chain
circuit 2127 that couples IN ball 2104 with OUT pad 2105, anda serial chain circuit 2136 that couples
OUT pad 1237 with OUT ball 2138; module 2106 includes a serial chain circuit 2128 that couples IN
ball 2107 with OUT pad 2129, and a serial chain circuit 2139 that couples OUT pad 2140 with OUT
ball 2141; module 2130 includesa serial chain circuit 2131 that couples IN ball 2132 with OUT pad
2133, anda serial chain circuit 2142 that couples OUT pad ball 2143 with OUT ball 2144; and top
module 2108 incudes a serial chain circuit 2134 that couples IN ball 2135 with OUT pad 2109 anda
serial chain circuit 2145 that couples OUT pad 2110 with OUT ball 2113.--;
Column 9, Line 67, replace “The base module’s” with --Thus, the base module’

Column 10, Line 2, after “so on.” insert --A signal route that includes a serial chain circuit coupling an

ball and pad is herein after referred to as a “serial chain connection’, and at least two serial chain
connections connected in series are herein after referred to as a “serial chain route’, such as serial
chain route 2146 or 2111.--;
Column 10, Line 4, replace “another pad 2110 which” with --another pad, such as OUT pad 2110,
which--;
Column 10, Line 5, replace “ball 2113 underneath.” with --ball underneath, such as OUT ball 2113.--;
Column 10, Line 6, replace “passes through the pads and balls 2111 of the” with --passes through
another set of serial chain connections that comprise another serial chain route, such as serial chain
route 2111 for the--;
Column 10, Line 8, after “access,” insert --A serial chain connection includes a serial chain input and a

serial chain output. A serial chain input is disposed to receive a signal, while a serial chain output is

disposed to provide the signal. For example in Figure 21a, IN balls 2014, 2107, 2132, and 2135, and
OUT pads 2110, 2143, and 2140 are serial chain inputs, respectively, OUT pads 2105, 2129, 2133,
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and 2109, and OUT balls 2113, 2144, 2141, and 2138 are serial chain outputs, respectively. At least
one of the balls and pads that are coupled to their respective chain circuit may be in the form of a

passive ball and passive pad, respectively, since an active signal, such as signal 2102, applied at active

pad 2101, can be routed through a series of serial chain circuits that couple respective balls and pads.
In effect, each of these serial chain circuits functions as a passive port. A serial chain circuit, however,
can also terminate a serial chain route, such as serial chain route 2146, and branching or routing this
serial chain route to another pad that functions as a serial chain input of another serial chain route,
such as serial chain route 2111, as described further below.--;
Column 10, Line 8, replace “How the top module terminates the serial” with --“Regarding the top
module, the serial’’--;
Column 10, Line 9, after “chain” insert --termination--;
Column 10, Line 9, replace “branches them out” with --branching--;
Column 10, Line 10, after “have” insert --a control circuit that includes--;
Column 10, Line 33, replace “diver” with --driver--.
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(57) ABSTRACT 
To optimize memory operations, a mapping table may be 
used that includes: logical fields representing a plurality of 
LBA sets, including first and second logical fields for repre­
senting respectively first and second LBA sets, the first and 
second LBA sets each representing a consecutive LBA set; 
PBA fields representing PBAs, including a first PBA disposed 
for representing a first access parameter set and a second PBA 
disposed for representing a second access parameter set, each 
PBA associated with a physical memory location in a 
memory store, and these logical fields and PBA fields dis­
posed to associate the first and second LBA sets with the first 
and second PBAs; and, upon receiving an I/0 transaction 
request associated with the first and second LBA sets, the 
mapping table causes optimized memory operations to be 
performed on memory locations respectively associated with 
the first and second PBAs. 

40 Claims, 2 Drawing Sheets 
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OPTIMIZING MEMORY OPERATIONS IN AN 
ELECTRONIC STORAGE DEVICE 

2 
level, however, may decrease storage device performance, 
increase transaction or memory operation latency, or render 
the storage device as a primary bottleneck to the processing 
efficiency of a host or a computing network. In response, CROSS-REFERENCE TO RELATED 

APPLICATIONS 

This application is a continuation in part application and 
claims the benefit of U.S. patent application Ser. No. 11/450, 
005, filed 8 Jun. 2006, entitled "Optimized Placement Policy 
for Solid State Storage Devices, now U.S. Pat. No. 7,506,098, 
which is hereby incorporated by reference as if fully set forth 
herein. 

5 some solid state storage device manufacturers have imple­
mented "brute force" or active solutions that include using 
more complex algorithms and "faster" processing devices, 
such as CPUs, to handle and process these algorithms. These 
active solutions, however, increases device costs and in most 

10 cases, design complexity. 

FIELD OF INVENTION 

Consequently, a need exists for a solution that optimizes 
memory operations performed by or in an electronic storage 
device with a relatively minimal increase in device complex­
ity and costs. These optimizing memory operations include 

The present invention relates to solutions for optimizing 
memory operations in a memory system suitable for use in an 
electronic storage device. More particularly, the present 
invention relates to solutions for increasing the likelihood that 
the operational load imposed on the memory system by these 
memory operations, performed in response to an I/0 transac­
tion request, will be optimally distributed across resources 
used by the memory system, increasing operational effi­
ciency, reducing memory operation latency or both. 

15 increasing the likelihood that, in response to an I/0 transac­
tion initiated by a host, the operational load imposed on the 
storage device by these memory operations will be optimally 
distributed across different storage device resources, such as 
by interleaving or parallel memory operations, reducing 

20 memory operation latency, increasing operational device effi­
ciency, or both. 

25 

BACKGROUND 

SUMMARY 

Solutions for optimizing memory operations performed by 
or in an electronic storage device in response to receiving an 
I/0 transaction request initiated by a host are disclosed. In one 
implementation, a mapping table is used and disposed to 
include: a set of logical fields, including a first logical field 

30 and a second logical field, with these logical fields respec­
tively disposed for representing a plurality of LBA sets, 
including the first logical field disposed for representing a 
first LBA set and the second logical field disposed for repre­
senting a second LBA set, the first and second LBA sets each 

Electronic storage devices that respectively employ a 
memory system that includes memory devices, memory 
chips, or modules that use non-volatile memory cells are 
commonly known and are sometimes referred to as solid state 
storage devices. The computer device industry has increased 
the adoption of these solid state storage devices due to certain 
advantages offered by these types of storage devices over 
other forms of storage devices, such as rotational drives. The 
adoption of solid state storage devices as an enhancement or 
even as replacements to rotational drives is not without some 
difficulty because many conventional computer devices, 
sometimes referred to as "hosts", use host operating systems, 
file systems, or both that are optimized for use with rotational 
drives rather than solid state storage devices. For example, 
unlike rotational drives, solid state storage devices that use 
NAND flash memory, also referred to as "flash drives", suffer 
from write cycle limitations and to a certain degree, bad 
blocks. In addition, flash drives use block addressing rather 
than byte addressing, and these flash drives use block 
addresses that are usually much larger than the block address 
used by the host. Block addressing may impose an additional 
level of complexity and additional processing cycles when 
performing a write operation, and which in tum, may increase 50 

write operation latency. This additional level of complexity 
may include performing a read-modify-write transaction to 
complete the write operation. 

35 representing a set of consecutive LBAs. The mapping table 
further includes a set of PBA fields, including a first PBA field 
and a second PBA field, with these set of PBA fields respec­
tively disposed for representing a set of PBAs, including a 
first PBA disposed for representing a first set of access param-

40 eters and a second PBA disposed for representing a second set 
of access parameters, with these PBAs each associated with a 
physical memory location in a memory store, and these set of 
logical fields and set of PBA fields disposed to associate the 
first and second LBA sets with the first and second PBAs; and 

45 wherein, in response to receiving the I/0 transaction request, 
the mapping table causes the storage device to perform opti­
mized memory operations on memory locations respectively 
associated with the first and second PBAs, if the I/0 transac-
tion request is associated with the first and second LBA sets. 

BRIEF DESCRIPTION OF DRAWINGS 

Many conventional host operating and file systems, how­
ever, do not employ mechanisms to solve these write cycle, 55 

bad block, or block level addressing issues. Consequently, 
flash drive manufacturers sometimes employ, at the storage 
device level, flash memory related techniques that include 
read-modify-write transactions, wear leveling, bad block 
management or any combination of these to minimize or 60 

manage the write cycle limitation and bad blocks common to 
flash drives. Other host file systems, such as file systems that 
employ a write in place method, might use a "flash translation 
layer" to avoid excessive wear to a particular block of flash 

FIG. 1 is a block diagram of an electronic storage device 
that includes a memory system which uses a memory table for 
increasing the likelihood that optimized memory operations 
will be performed in accordance with one embodiment of the 
present invention. 

FIG. 2 is a mapping table for an electronic storage device, 
such as the electronic storage device illustrated in FIG. 1, in 
accordance with another embodiment of the present inven­
tion. 

DETAILED DESCRIPTION OF THE INVENTION 

memory. 65 

The use of these flash memory related techniques at the 
storage device level, or a flash translation layer at the host 

For clarity purposes, not all of the routine features of the 
embodiments described herein are shown or described. It is 
appreciated that in the development of any actual implemen-
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tation of these embodiments, numerous implementation-spe­
cific decisions may be made to achieve a developer's specific 
goals. These specific goals will vary from one implementa­
tion to another and from one developer to another. This devel­
opment effort might be complex and time-consuming but 
would nevertheless be a routine engineering undertaking for 
those of ordinary skill in the art having the benefit of this 
disclosure. In addition, the elements used in the embodiments 
described herein may be referred to using the variable symbol 
n, which is intended to reflect any number greater than one 
(1 ). 

The various embodiments of the present invention dis­
closed herein relate to solutions for optimizing memory 
operations in a memory system suitable for use in an elec­
tronic storage device. More particularly, the present invention 
pertains to solutions that increase the likelihood which, in 
response to an I/0 transaction initiated by a host, the opera­
tional load imposed on the memory system by these memory 
operations will be optimally distributed across resources used 

4 
are in the form of native flash memory device commands. The 
number of buses, flash memory devices and FDEs shown in 
FIG. 1 are not intended to be limiting in any way and may be 
selected according to a variety of factors, such as the perfor-

5 mance, cost, capacity and any combination of these which 
may be desired. 

One of ordinary skill in the art having the benefit of this 
disclosure would readily recognize that DMA controller 10 
may be implemented using a different configuration dis-

IO closed herein and may include other types of processors, 
DMA engines, or equivalent components. The term "host" 
means any device that can initiate an I/0 transaction request 
which can be received by an electronic storage device that is 

15 
targeted for receiving the I/0 transaction request. For 
example, in FIG. 1, host 18 can initiate an I/0 transaction 
request 20, which is received and processed by storage device 
2 as described herein. 

by the memory system, reducing memory operation latency, 20 

increasing operational device efficiency, or both. This 
memory system, such as memory system 4, may be used with 

Storage device 2 represents any storage device that may be 
used with the optimized memory operation solutions and 
embodiments disclosed herein. For example, storage device 2 
may be further configured to include a processing unit, such 
as a CPU, a bus, a working memory, such as DRAM, and an 
I/0 interface, which may be in the form of a SATA, iSCSI, 

or implemented in an electronic storage device 2, in the man­
ner illustrated in FIG. 1 in accordance with one embodiment 
of the present invention. Memory system 4 is coupled to a 
memory store 6 via a set of buses, such as buses 8-0 and 8-1, 
and uses a mapping table 9. Memory system 4 also includes a 
DMA controller 10 that includes a flash buffer controller 16 
and a set of direct memory access engines, which are suitable 
for performing DMA operations on memory devices used by 
memory store 6. 

When designed to operate with flash memory devices, 
these direct memory access engines may be also herein 
referred to as FD Es, and in the example shown in FIG. 1, are 
illustrated as FDEs 22-01, 22-02, 22-11 and 22-12. An FDE 
represents a device that is capable of controlling a flash 
memory device and performing DMA operations on the flash 
memory device in response to commands generated by stor­
age device 2 through storage device controller 24. These 
D MA operations include facilitating high speed data transfers 

25 SATA, Fibre Charmel, USB, eSATA interfaces, a network 
adapter, a PCI or PCI-e bus bridge, or the like. These storage 
device components enable storage device 2 to execute an 
embedded operating system (not shown) necessary for pro­
cessing I/0 transactions that are initiated by a host through a 

30 suitable network, and that are eventually received and pro­
cessed by storage device 2 through various device resources, 
including memory system 4, buses 8-0 and 8-1, and memory 
store 6. The processing unit, bus, DRAM, embedded operat­
ing system, and I/0 interface are generally known, and thus, 

35 are hereinafter referred to and shown collectively in the form 
of a storage device controller 24 to avoid over complicating 
the herein disclosure. In addition, although DMA controller 
10 is shown as a separate component device in FIG.1, DMA 
controller 10 may be integrated with any other component 

40 employed by a storage device and thus, the form factor of 
DMA controller 10 is not intended to be limiting in any way. 
For example and although not shown in FIG. 1, DMA con­
troller 10 may be part of or integrated within a storage device 
controller that has a function similar to storage device con-

to and from memory devices that are included as part of 
memory store 6, such as flash memory devices 12-01 and 
12-02. Buses 8-0 and 8-1 respectively function as a bus inter­
face that is used by an FDE to control and communicate with 
selected flash memory devices in memory store 6. For 
example, bus 8-0 may be used by FDE 22-01 to control flash 
memory devices, such as flash memory devices 12-01, that 
are coupled to bus 8-0 and that have chip enables (not shown) 
which are controllable by FDE 22-01, while bus 8-1 may be 
used by FDE 22-11 to control flash memory devices, such as 50 

flash memory devices 12-01, that are coupled to bus 8-1 and 
that have chip enables (not shown) which are controllable by 
FDE 22-11. In another example, bus 8-0 may be used by FDE 
22-02 to control flash memory devices, such as flash memory 
devices 12-02, that are coupled to bus 8-0 and that have chip 55 

enables which are controllable by FDE 22-02, while bus 8-1 
may be used by FDE 22-12 to control flash memory devices, 
such as flash memory devices 12-02 in flash, that are coupled 

45 trailer 24. 
In another example, DMA controller 10 may be imple­

mented in the form of Flash DMA controller 109, which is 
part of hybrid storage controller 102, which are further dis­
closed in FIG. 1 of United States patent application Ser. No. 
11/450,023, filed on 8 Jun. 2006, entitled "Hybrid Multi­
Tiered Caching Storage System", now U.S. Pat. No. 7,613, 
876, which is hereby incorporated by reference as if fully set 
forth herein. 

Memory store 6 may be configured to include a set of solid 
state memory devices that are coupled to a set of buses and 
that are controlled by a set of FD Es. In FIG. 1, these memory 
devices, buses, and FD Es are implemented in the form of flash 
memory devices 12-01 and 12-02; buses 8-0 and 8-1; and 
FD Es 22-01, 22-02, 22-11, and 22-12, respectively. The term to bus 8-1 and that have chip enables which are controllable 

by FDE 22-12. 
DMA controller 10 also includes a flash buffer controller 

16. Flash buffer controller 16 is disposed to drive each bus 
utilized by memory system 4 and to translate command sig­
nals asserted by FDEs 22-0 through 22-12 into native 
memory device commands that are compatible with the 
memory device selected to receive these commands. In the 
example shown in FIG. 1, these memory device commands 

60 "flash memory device" is intended to include any form of 
non-volatile memory, including those that use blocks of non­
volatile memory cells, named flash blocks. Each memory cell 
may be single or multi-level. In FIG. 1, flash blocks 23-0 
through 23-n are shown for each flash memory device illus-

65 trated. In addition, the number of flash memory devices, bus 
interfaces, and FD Es illustrated in FIG. 1 is not intended to be 
limiting in any way. Instead, the number of these devices may 
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be increased or decreased, depending on the performance, 
cost and storage capacity desired. 

A flash memory device permits memory operations, such 
as a write or read operation, to be performed on these flash 
blocks according to a protocol supported by the flash memory 5 

device. A flash memory device may be implemented using a 
flash memory device that complies with the Open NAND 
Flash Interface Specification, commonly referred to as ONFI 
Specification. The term "ONFI Specification" is a known 
device interface standard created by a consortium oftechnol- 10 

ogy companies, called the "ONFI Workgroup". The ONFI 
Workgroup develops open standards for NAND flash 
memory devices and for devices that communicate with these 
NAND flash memory devices. The ONFI Workgroup is head­
quartered in Hillsboro, Oreg. Using a flash memory device 15 

that complies with the ONFI Specification is not intended to 
limit the embodiment disclosed. One of ordinary skill in the 
art having the benefit ofthis disclosure would readily recog­
nize that other types of flash memory devices employing 
different device interface protocols may be used, such as 20 

protocols compatible with the standards created through the 
Non-Volatile Memory Host Controller Interface ("NVM­
HCI") working group. Members of the NVMHCI working 
group include Intel Corporation of Santa Clara, Calif., Dell 
Inc. of Round Rock, Tex. and Microsoft Corporation of Red- 25 

mond, Wash. 
Mapping table 9 may be implemented in the manner shown 

in FIG. 2, which is discussed below in conjunction with FIG. 
1. Mapping table 9 includes a set of fields, named logical 
fields 26, and a set of PBA fields 28. Each PBA field from set 30 

of PBA fields 28 is disposed to represent a unique addressable 
physical memory location, named "PBA, in memory store 6, 
such as PBA 46, 48, 50 or 51. For each PBA field, this 
physical memory location may be represented by using a set 
of access parameter fields 30 and a memory index field 32. 35 

The set of access parameters fields 30 includes a bus identifier 
field 34, a FDE identifier field 36, and a group identifier field 
38. 

6 
device may be provided by coupling the chip select line (not 
shown) of the flash memory device to a FDE. 

Group identifier field 38 is disposed to represent a group 
identifier, which is an identifier for identifying one flash 
memory device from another flash memory device from a set 
of flash devices that are controlled by the same FDE. For 
example, in flash array bank interleave 14-0-0, since flash 
memory devices 12-01 are controlled by FDE 22-01, each of 
these flash memory devices are represented using different 
group identifiers, such as group identifiers 15-0 and 15-1. 

Group identifiers are selected and assigned to flash 
memory devices so that no more than one flash memory 
device, which is within the same flash array bank interleave or 
which is controlled by the same FDE, is associated with the 
same group identifier. Flash memory devices may share the 
same group identifier as long as these flash memory devices 
are not controlled by the same FDE. In the example embodi­
ment in FIG. 1, flash memory devices 12-01 and 12-02 share 
the same group identifier, such as group identifier 15-0 or 
15-1, because these flash devices are controlled by different 
FDEs, such as FDEs 22-01 or 22-02, respectively. 

In FIG. 2, mapping table 9 reflects the embodiment dis-
closed in FIG. 1. PBA 46 and PBA 50 include access param­
eters that are associated with the same group identifierof15-0 
but pertain to physical memory locations within different 
flash memory devices in memory store 6. These access 
parameters are associated with different FDE identifiers, such 
as FDE identifiers 22-01 and 22-11 and with different bus 
identifiers 8-0 and 8-1, respectively. Using their respective 
access parameters, PBA 46 is associated with a physical 
memory location that is within a flash memory device 12-01 
coupled to bus 8-0, controlled by FDE 22-01, and in group 
15-0, while PBA 50 is associated with another physical 
memory location that is within a flash memory device 12-01 
coupled to bus 8-1, controlled by FDE 22-11, and in group 
15-0 in FIG. 1. 

The term "LBA", which may also be referred to herein as a 
logical block address, is intended to represent an address that 
is part of a logical addressing system (not shown) used by a Bus identifier field 34 is disposed to represent a bus iden­

tifier, which is an identifier that is used for representing a bus 
interface, such as bus 8-0 or 8-1. FDE identifier field 36 is 
disposed to represent a FDE identifier, which is an identifier 
for identifying one FD E from another FD E from a set of FD Es 
that are coupled to the same bus interface. The forms of the 
bus and FDE identifiers are not intended to be limiting in any 
way as long as the bus identifiers and FDE identifiers 
employed enable the selection of a specific bus from a set of 
buses, and the selection of a specific FDE from a set of FD Es 
that are coupled to the same bus via flash buffer controller 16. 
Flash memory devices coupled to the same bus may be here­
inafter referred to as a flash array bank. For example, flash 
memory devices 12-01 and 12-02 that are coupled to bus 8-0 
are in a flash array bank 14-0, while flash memory devices 
12-01 and 12-02 that are coupled to bus 8-1 are in a flash array 
bank 14-1. 

40 host, such as host 18, and this host may use one or more LBAs 
in an I/0 transaction request, such as I/0 transaction request 
20. Mapping table 9 associates LBAs from this host logical 
addressing system to the device addressing system used by 
storage device 2. This device addressing system may include 

Flash memory devices that are controlled by the same FDE 
may be hereinafter referred to as a flash array bank interleave. 
For instance, in flash array bank 14-0, flash memory devices 
12-01 are controlled by FDE 22-01 and are thus, in one flash 
array bank interleave 14-0-0, while flash memory devices 
12-02 are controlled FDE 22-02 and are thus, in another flash 
array bank interleave, such as flash array bank interleave 
14-0-1. Similarly, in flash array bank 14-1, flash memory 
devices 12-01 are controlled by FDE 22-11 and are thus, in 
flash array bank interleave 14-1-0, while flash memory 
devices 12-02 are controlled FDE 22-12 and are thus, in flash 
array bank interleave 14-1-1. Selection of a flash memory 

45 using a mapping table that includes the functionality 
described herein, such as mapping table 9. These LBAs may 
be grouped into sets of consecutive LBAs, named "LBA 
sets". These LBA sets may then be represented using logical 
fields 26 from mapping table 9, where each logical field in set 

50 of logical fields 26 is respectively disposed to represent a 
LBA set. For example, LBA sets 40, 42, 44, and 45 may be 
used to respectively represent consecutive LBAs used by host 
18, such as LBAs 00 through 07, LBAs 08 through 15, LBAs 

55 

16 through 23, and LBAs 24-31, respectively. 
Logical fields in mapping table 9 may be initialized to 

represent LBA sets that are serially arranged in mapping table 
9 so that LBAs from adjacent LBA sets are contiguous. In the 
example shown in FIG. 2, LBA sets 40, 42, 42, 44 and 45 
represent serially arranged LBAs since the highest LBA in 

60 one LBA set is contiguous with the lowest LBA in an adjacent 
LBA set. Specifically, LBA sets 40 and 42 are disposed in 
adjacent rows and thus are adjacent to each other. These 
adjacent LBA sets are also contiguous because LBA 7, which 
corresponds to the highest LBA in LBA set 40, is contiguous 

65 with LBA 8, which is the lowest LBA in LBA set 42. Simi­
larly, LBA sets 42 and 44 are also contiguous because LBA 
15, which corresponds to the highest LBA in LBA set 42, is 
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contiguous with LBA 16, which is the lowest LBA in LBA set 
44. LBA set 44 is also contiguous with LBA set 45. 

In addition, storage device 2 initializes mapping table 9 by 
creating an association between these LBA sets and PBAs so 
that adjacent LBA sets are mapped to PBAs, and any two 
adjacent PBAs differ by at least one access parameter. The 
term "two adjacent PBAs" is intended to include any two 
PBAs that are respectively mapped to adjacent LBAs in map­
ping table 9. This mapping association among LBA sets and 
PBAs increases the likelihood that memory operations result­
ing from an I/0 transaction request will be optimized because 
if these memory operations involve data accesses associated 
with contiguous LBA sets these data accesses will in likeli­
hood occur on different PBAs. This results in the likelihood 
that different storage resources will be used, such as different 
buses, different FD Es, different groups or any combination of 
these, which provides a form of interleaving by bus, FDE, 
flash memory device group or any combination of these. 

8 
A physical memory location is comprised of one or more 

programmable portions. For example, if flash memory device 
12-01 includes flash blocks that have programmable portions 
with a programming size of 512 B, then each programmable 

5 portion may be associated with a unique memory index that 
represents the starting address boundary of each program­
mable portion in the flash memory device. A memory index of 
OxOO may be used to represent the starting address boundary 
of a first 512 B programmable portion, a memory index of 

10 OxOl may be used to represent the starting boundary of a 
second 512 B programmable portion, and so on until the last 
available programmable portion in a flash memory device is 
associated with a memory index. These progranimable por­
tions have a programming size that is equal to or less than the 

15 minimum erase size of a flash memory device. Since some 
flash memory devices are erasable by flash block, implemen­
tations that use flash memory devices may be implemented 
with a prograniming size that is less than or equal to the flash 
block size. 

Each LBA set also includes a LBA set size, which is a 20 

function of the number ofLBAs used in each LBA set and the 
In the embodiment shown in FIG. 2, memory index fields 

32 are initialized to represent the memory indices of physical 
memory locations that are respectively comprised of more 
than one progranimable portion, named portion set. Although 
more than one programmable portion comprises each physi-

LBA size of each LBA. For example, each LBA set may be 
associated with eight LBAs and if each LBA has an LBA size 
equal to 512 bytes, then LBA set 40 has an LBA set size of 4 
Kilobytes (KB). If a flash block within a given flash memory 
device has a block size of 16 KB, an LBA set size of 4 KB 
would permit a maximum of four PBAs that can be mapped to 
this flash block. Similarly, if a flash block has a flash block 
size of 32 KB, an LBA set size of 4 KB would permit a 
maximum of eight PBAs that can be mapped to this flash 
block. In the example shown in FIG. 2, the LBA set size 
selected is set equal to a section size (not illustrated in figure). 
The term "section size" is the size of the minimum portion in 
which data may be transferred or relocated between physical 
memory locations in memory store 6. In addition, the section 
size may be limited to a size that is at least equal to the product 
of a positive integer multiplied by the native page size used by 
a flash block. For example, if the native page size for flash 
block 23-0 is 4 KB, then the section sizes that may be used 
would be limited to 4 KB, 8 KB, 12K, and so on. 

25 cal memory location, a single memory index is used to rep­
resent each physical memory location in each memory index 
field 32. Each of these memory indices represents a starting 
address boundary of a programmable portion that is from a 
portion set associated with a physical memory location and 

30 that is the lowest of the other memory indices associated with 
the programmable portions in the portion set. The number of 
programmable portions comprising a physical memory loca­
tion is a function of the programming size of these program­
mable portions and the LBA set size used. Each of these 

35 memory indices represented in memory index fields 32, 
respectively, are used to represent the starting boundary of a 
physical memory location that spans across the portion set 
comprising the physical memory location. For example, if 
LBA set 40 has an LBA set size of 4 KB, and flash device 

40 12-01 uses flash blocks having flash block sizes of 16 KB and 
a programmable portion size of 512 B, then the memory 
indices represented in memory index fields 3 2 would differ by 
at least by the size of the LBA set, such as OxOO, Ox08, Oxl 6, 
Ox24, and so on. Each of these memory indices represents the 

In an alternative embodiment, if a flash memory device 
supports more than one page write cycle that can be per­
formed on a page before requiring an erase cycle to be per­
formed on the flash block containing the page, then the sec­
tion size may be set to a size that is at least equal to the 
quotient that results from dividing the native page size of the 
flash block by the number of page writes supported by the 
flash memory device. For example, if flash block 23-0 from 
flash memory device 12-01 supports two page writes on a 
page before requiring an erase cycle on flash block 23-0 and 50 

the flash block 23-0 has a native page size of 4 KB, then the 
section size may be set at least equal to 2 KB. Since the LBA 

45 starting boundary of a physical memory location that spans 
across eight programmable portions. In effect, each of these 
memory indices functions as a physical memory address for a 
physical memory location that has a size equal to eight pro-
grammable portions. 

In an alternative embodiment (not shown), if each physical 
memory location is comprised to have only one program­
mable portion, then each memory index that represents the 
starting address boundary of a physical memory location 
spans across only one programmable portion. Each memory 

set size selected is equal to the section size, in this alternative 
embodiment, the LBA set used would have an LBA set size of 
2KB. 

Besides access parameter field 30, each PBA field also 
includes a memory index field 32, which may be used to 
represent a memory index, such as OxOO or Ox08 in FIG. 2. 
Each memory index represents the starting address boundary 
of a physical memory location in a flash memory device in 
memory store 6, such as flash memory device 12-01 or 12-02. 
This physical memory location is used as the target physical 
memory location for reading or writing data that is associated 
with an LBA set that is mapped to the PBA associated with the 
memory index. A physical memory location is disposed to 
have a size, named "physical memory location size", that is at 
least equal to the LBA set size of this LBA set. 

55 index would differ by a single progranimable portion size. For 
instance, if the programmable portion size is 512 B, then each 
memory index represented by memory index fields 32 would 
differ by at least 512 B, such as OxOO, OxOl, Ox02, and so on. 
In addition, mapping table 9 is initialized so that two different 

60 LBA sets are not mapped to the same PBA. 
Assigning a single index for each starting address bound­

ary of a programmable portion having a 512 B programmable 
portion size is not intended to be limiting in any way. One of 
ordinary skill in the art after receiving the benefit of the herein 

65 disclosure would readily recognize that other indexing meth­
ods may be used. For instance, in yet another alternative 
embodiment (not shown), each index may be used to repre-
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sent a byte of memory, which renders the flash memory 
devices in memory store 6 byte addressable in mapping table 
9. This alternative approach results in indices, such as 
OxOOOO, OxlOOO, Ox2000 and so on, that have widths suffi­
cient to represent the starting address boundaries of physical 5 

memory locations which have a physical memory location 
size sufficient to hold data represented by an LBA set size of 
4K. 

During operation and after initialization of mapping table 
9, if storage device controller 22 receives an I/0 transaction 10 

request 20 from host 18, storage device controller 22 pro­
cesses I/0 transaction request by transferring it to DMA 
controller 10. After receiving I/0 transaction request 20, 
DMA controller 10 uses mapping table 9 to determine which 
PB As are mapped to LB As used in I/0 transaction request 20. 15 

DMA controller 10 uses the PBAs to determine which addres­
sable physical memory locations to use when performing 
memory operations requested by host 18 through I/0 trans­
action request 20. Mapping table 9 associates LBA sets to 
PBAs in a mamier that increases the likelihood that memory 20 

operations resulting from I/0 transaction request 20 will be 
optimized by distributing these memory operations across 
different storage device resources that are associated with 
these PBAs, such as across different FDEs, different buses, 
different flash memory devices, or any combination of these. 25 

For example, still referring to FIGS. 1 and 2, I/0 transac­
tion request 20 may be in the form of a write transaction that 
targets LBAs 00-07 and 08-15. An I/0 transaction that is 
associated with consecutive LBAs is sometimes referred to as 
a sequential I/0 transaction. Since mapping table 9 has been 30 

initialized to map these LBAs 00-07 and LBAs 08-15 with 
LBA sets 40 and 42, respectively, DMA controller would 
more than likely be able to perform memory operations 
required by I/0 transaction request 20 in an optimal manner 
by interleaving these memory operations across different 35 

buses, different FD Es, different flash memory devices, or any 
combination of these. Since in the example shown in FIG. 2, 
PBAs that are mapped to adjacent LBA sets have different 
Bus, FDE, flash device group identifiers or any combination 
of these, DMA controller 10 may interleave by Bus, FDE, or 40 

flash memory device. In one embodiment of the present 
invention, if interleaving may be performed through more 
than one access parameter, DMA controller 10 prioritizes 
interleaving first by Bus, then by FDE and then by flash 
memory device. 45 

Using different group identifiers, such as group identifiers 
15-0 and 15-1 in mapping table 9, enables the interleaving of 
memory operations across flash devices that are controlled by 
the same FDE. Stated another way, using different group 
identifiers enables interleaving memory operations across 50 

flash devices that belong to the same flash array bank inter­
leave. Using different FDE identifiers in mapping table 9 
enables interleaving memory operations across flash memory 
devices that are controlled by different FDEs, while using 
different bus identifiers enables interleaving memory opera- 55 

tions across flash memory devices that are coupled to differ­
ent flash bus interfaces. 

While the present invention has been described in particu-
lar embodiments, it should be appreciated that the present 
invention should not be construed as limited by such embodi- 60 

ments. Rather, the present invention should be construed 
according to the claims below. 

We claim: 
1. A mapping table for optimizing memory operations 

performed by an electronic storage device in response to 65 

receiving an I/0 transaction request initiated by a host, said 
mapping table comprising: 

10 
a set of logical fields, including a first logical field and a 

second logical field, and said logical fields respectively 
disposed for representing a plurality of LBA sets, 
including said first logical field disposed for represent­
ing a first LBA set and said second logical field disposed 
for representing a second LBA set, said first and second 
LBA sets each representing a set of consecutive LBAs; 

a set of PBA fields, including a first PBA field and a second 
PBA field, said set of PBA fields respectively disposed 
for representing a set of PBAs, including a first PBA 
disposed for representing a first set of access parameters 
and a second PBA disposed for representing a second set 
of access parameters, said PBAs each associated with a 
physical memory location in a memory store, said set of 
logical fields and said set of PBA fields disposed to 
associate said first and second LBA sets with said first 
and second PBAs; and 

wherein, in response to receiving the I/0 transaction 
request, said mapping table causes the electronic storage 
device to perform optimized memory operations on 
memory locations respectively associated with said first 
PBA and said second PBA, if the I/0 transaction request 
is associated with said first and second LBA sets. 

2. The mapping table of claim 1, wherein: 
said first and second LBA sets are adjacent LBA sets; 
said first and second access parameters are different; and 
said LBAs from said first and second LBA sets are logical 

block addresses used by the host for addressing said 
data. 

3. The mapping table of claim 1, wherein an LBA having 
the lowest LBA value from said second LBA set is consecu­
tive with an LBA having the highest LBA value from said first 
LBA set. 

4. The mapping table of claim 1, wherein an LBA having 
the lowest LBA value from said second LBA set is not con­
secutive with an LBA having the highest LBA value from said 
first LBA set. 

5. The mapping table of claim 1, wherein: 
data stored at a first physical memory location, which is 

addressable using said first PBA, is transferred to a sec­
ond physical memory location, which is addressable 
using said second PBA, said data transferred in portions 
equal to a section size. 

6. The mapping table of claim 5, wherein: 
said first and second LBA sets respectively have an LBA 

set size equal to said section size. 
7. The mapping table of claim 5, wherein: 
said memory store includes a plurality of flash memory 

devices that each have a native page size; and 
said section size is at least equal to a product of a positive 

integer multiplied by said native page size, and said 
integer is at least equal to one. 

8. The mapping table of claim 5, wherein: 
said memory store includes a plurality of flash memory 

devices that each have a native page size and a plurality 
of flash blocks, and that supports more than one page 
write that can be performed on a page from one of said 
flash blocks before requiring an erase cycle to be per­
formed on said one of said flash blocks; and 

said section size is at least equal to a quotient resulting from 
dividing said native page size by said more than one page 
write. 

9. The mapping table of claim 1, wherein said set of access 
parameters includes a bus identifier, an FDE identifier and a 
group identifier. 

Case 6:22-cv-00335-ADA   Document 44-8   Filed 12/16/22   Page 9 of 11

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



US 8,010,740 B2 
11 

10. The mapping table of claim 9, wherein said first and 
second PBA include different bus identifiers, different FDE 
identifiers and different group identifiers. 

12 
21. The mapping table of claim 1, wherein said first PBA 

further disposed to represent a memory index. 
22. A memory system foroptimizing memory operations in 

an electronic storage device responsive to an I/0 transaction 11. The mapping table of claim 9, wherein said first and 
second PBA respectively include different combinations of 
said bus identifiers, said FDE identifiers, and said group iden­
tifiers. 

12. The mapping table of claim 1, wherein said first and 
second PBA include different bus identifiers. 

5 request initiated by a host, said electronic storage device 
including a memory store having a set of memory devices 
including a first memory device, a second memory device, a 
third memory device and a fourth memory device, said 

13. The mapping table of claim 1, wherein said first and 10 

second PBA include different FDE identifiers. 
14. The mapping table of claim 1, wherein said first and 

second PBAs respectively include a first group identifier and 
a second group identifier. 

15. The mapping table of claim 1: 
wherein said memory store includes a set of solid state 

memory devices that are coupled to a set of buses and 
that are controlled by a set ofFDEs; and 

15 

wherein said access parameter includes a group identifier 
for identifying at least a portion of said set of memory 20 

devices that are respectively controlled by different 
FDEs from said set ofFDEs. 

16. The mapping table of claim 1, wherein: 
said memory store includes a first set of memory devices 

controlled by a first FDE and a second set of memory 25 

devices controlled by a second FDE; and 
said first and second sets of memory devices associated 

with a plurality of group identifiers in which no two of 
said group identifiers is the same, and each memory 
device from said first set of memory devices is respec- 30 

tively associated with different group identifiers from 
said plurality of group identifiers. 

17. The mapping table of claim 1, wherein: 
said electronic storage device includes a storage device 

controller, said memory store, and a memory system; 
said memory system includes a flash buffer controller, a 

first set of FD Es, a second set of FD Es, and a set of buses 
that includes a first bus and a second bus; 

35 

said memory store includes a first set of memory devices 
and a second set of memory devices, said first and sec- 40 

ond set of memory devices respectively coupled to said 
first and second buses; 

said first set of FD Es disposed to control said first set of 
memory devices through said flash buffer controller and 
said first bus, said first set of FD Es including a first FDE 45 

and a second FDE; 
said second set of FD Es disposed to control said second set 

memory system comprising: 
a flash buffer controller, a set of FD Es, and a set of buses, 

wherein said set of FD Es including a first FDE, a second 
FDE, a third FDE, and a fourth FDE and wherein said 
buses including a first bus and a second bus, said first bus 
coupled to the first and second memory devices, and the 
second bus coupled to said third and fourth memory 
devices; 

said first and second FD Es coupled to said first bus through 
said first buffer controller, and said third and fourth 
FDEs coupled to said second bus through said first 
buffer controller; 

said set of memory devices are partitioned into memory 
device groups, including a first group and a second 
group; 

a mapping table that includes: 
a set of logical fields, including a first logical field and a 

second logical field, and said logical fields respectively 
disposed for representing a plurality of LBA sets, 
including said first logical field disposed for represent-
ing a first LBA set and said second logical field disposed 
for representing a second LBA set, said first and second 
LBA sets each representing a set of consecutive LBAs; 

a set of PBA fields, including a first PBA field and a second 
PBA field, said set of PBA fields respectively disposed 
for holding a set of PB As, including a first PBA disposed 
for representing a first set of access parameters and a 
second PBA disposed for representing a second set of 
access parameters, said PBAs each associated with a 
physical memory location in a memory store, said set of 
logical fields and said set of PBA fields disposed to 
associate said first and second LBA sets with said first 
and second PBAs; and 

wherein, in response to receiving the I/0 transaction 
request, said mapping table causes the storage device to 
perform optimized memory operations on memory loca­
tions respectively associated with said first PBA and said 
second PBA, if the I/0 transaction request is associated 
with said first and second set of consecutive LBAs. of memory devices through said flash buffer controller 

and said second bus, said second set ofFDEs including 
a third FDE and a fourth FDE; 

said first and second set of memory devices are associated 
with a plurality of memory device groups, including a 
first group and a second group; 

23. The memory system of claim 22, wherein an LBA 
50 having the lowest LBA value in said second LBA set is 

consecutive with an LBA having the highest LBA value from 
said first LBA set. 

wherein said first and second groups corresponding respec­
tively to said first and second group identifiers; and 

wherein said first and second PBAs respectively include 
said first and second group identifiers. 

24. The memory system of claim 22, wherein said first and 
third memory devices correspond to a first group identifier 

55 and said second and fourth memory devices correspond to a 
second group identifier. 

18. The mapping table of claim 17, wherein said first and 
third memory devices are associated with a first group iden­
tifier and said second and fourth memory devices are associ- 60 

ated with a second group identifier. 
19. The mapping table of claim 17, wherein said first and 

second memory devices include non-volatile solid state 
memory cells. 

20. The mapping table of claim 17, wherein each memory 65 

device from said first set of memory devices are respectively 
associated with different group identifiers. 

25. The memory system of claim 22, wherein said opti-
mized memory operations include a first memory operation 
performed using said first PBA and a second memory opera­
tion performed using said second PBA; said first and second 
PBAs respectively associated with a first set of access param-
eters and a second set of access parameters, and said set of 
first and second set of access parameters differing by at least 
one access parameter. 

26. The memory system of claim 25, wherein said first and 
second set of access parameters respectively including a bus 
identifier, an FDE identifier and a group identifier. 
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27. The memory system of claim 26, wherein said first and 
second PBAs respectively include said first and second group 
identifiers. 

28. The memory system of claim 22, wherein said PBA 
further includes a memory index. 

29. The memory system of claim 22, wherein: 
data stored at said first physical memory location is moved 

to said second physical memory location using a mini­
mum transfer size granularity that is equal to a section 
size; and 

said first and second LBA sets respectively have an LBA 
set size equal to said section size. 

30. The mapping table of claim 29, wherein: 

10 

14 
wherein said mapping table increases the likelihood that 

that the operational load imposed on the storage appa­
ratus during the processing of the I/0 transaction request 
will be optimally distributed across storage device 
resources. 

33. The electronic storage device of claim 32, wherein an 
LBA having the lowest LBA value in said second LBA set is 
consecutive with an LBA having the highest LBA value from 
said first LBA set. 

34. The electronic storage device of claim 32, wherein the 
processing of the I/0 transaction request includes a first 
memory operation performed using said first PBA and a 
second memory operation performed using said second PBA; 
said first and second PBAs respectively associated with a first said memory store includes a plurality of flash memory 

devices that each have a native page size; and 
said section size is at least equal to a product of a positive 

integer multiplied by said native page size, and said 
integer is at least equal to one. 

15 set of access parameters and a second set of access param­
eters, and said set of first and second set of access parameters 
differing by at least one access parameter. 

31. The mapping table of claim 29, wherein: 
said memory store includes a plurality of flash memory 20 

devices that each have a native page size and a plurality 
of flash blocks, and that permit a number of write opera­
tions to be performed on a page from one of said flash 
blocks before requiring an erase cycle to be performed 
on said flash block, said number of write operations 25 

equal to at least two; and 
said section size is at least equal to said native page size 

divided by said number of write operations. 
32. An electronic storage device that includes a memory 

system that uses a memory table for increasing the likelihood 30 

that an operational load imposed on the storage apparatus 
during the processing of an I/0 transaction request will be 
optimally distributed across storage device resources, said 
I/0 transaction request received by said storage device from a 
requesting host, said electronic storage device comprising: 35 

a mapping table which maps a first LBA set to a first PBA, 
and a second LBA set to a second PBA, said first and 
second LBA sets including respective sets of consecu­
tive LBAs; 

a memory store that includes a set of flash devices, said set 40 

of flash devices includes a first physical memory loca­
tion and a second physical memory location that are 
addressable by said first and second PBAs respectively; 

a memory system coupled to said memory store and dis­
posed to use said mapping table during a memory opera- 45 

tion; 
wherein said first PBA includes a first set of access param­

eters and said second PBA includes a second set of 
access parameters, and at least one difference between 
said first and second PBAs; and 

35. The memory system of claim 34, wherein said first and 
second set of access parameters respectively including a bus 
identifier, an FDE identifier, and a group identifier. 

36. The memory system of claim 35, wherein said first and 
second PBAs respectively include said first and second group 
identifiers. 

37. The electronic storage device of claim 32, wherein said 
PBA further includes a memory index. 

38. The electronic storage device of claim 32, wherein: 
data stored at said first physical memory location is moved 

to said second physical memory location using a mini­
mum transfer size granularity that is equal to a section 
size; and 

said first and second LBA sets respectively have an LBA 
set size equal to said section size. 

39. The mapping table of claim 38, wherein: 
said memory store includes a plurality of flash memory 

devices that each have a native page size; and 
said section size is at least equal to a product of a positive 

integer multiplied by said native page size, and said 
integer is at least equal to one. 

40. The mapping table of claim 38, wherein: 
said memory store includes a plurality of flash memory 

devices that each have a native page size and a plurality 
of flash blocks, and that permit a number of write opera­
tions to be performed on a page from one of said flash 
blocks before requiring an erase cycle to be performed 
on said flash block, said number of write operations 
equal to at least two; and 

said section size is at least equal to said native page size 
divided by said number of write operations. 

* * * * * 
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optical probe

optical probe A flux density meter in which the transduction
mechanism is optical. A number of physical effects (i.e., mag-
netostriction, change in birefringence) may be used to affect
the light in a “witness crystal” or “sense fiber.”

(T&D/PE) 539-1990

optical pyrometer A temperature-measuring device comprising
a standardized comparison source of illumination and source

convenient arrangement for matching this source, either in
brightness or in color, against the source whose temperature
is to be measured. The comparison is usually made by the
eye. See also: electric thermometer. (EEC/PE) [119]

optical reader See: optical character reader; optical mark
reader; optical scanner.

optical recording A method for storing data by using optical
means. (C) 610.10-1994w

optical repeater (fiber optics) In an optical waveguide com-

munication system, an optoelectronic device or module that
receives a signal, amplifies it (or, in the case of a digital sig-
nal, reshapes, retimes, or otherwise reconstructs it) and re-

transmits it. See also: modulation. (Std100) 812-1984w

optical rise time The time it takes for optical power to rise from
10% effective power to 90% effective power. When ex-

pressed as a percentage, the rise time is specified as a per-
centage of an encoded bit period. (C/BA) 1393-1999

optical scanner (A) (character recognition) A device that
scans optically and usually generates an analog or digital sig-
nal. (B) (character recognition) A device that optically scans

printed or written data and generates their digital represen-
tations. See also: electronic analog computer; visual scanner.

(C) [20], [85]
(2) (A) A scanner that uses light for examining patterns. See
also: bar code scanner; optical character reader. (B) A device
that scans optically and generates a corresponding output sig-
nal. See also: digitizer. (C) 610.10-1994

optical sensor A device capable of detecting light and produc-
ing an analog or digital output signal. See also. optical mouse.

(C) 610.10-1994w

optical sound recorder See: photographic sound recorder.

optical sound reproducer See: photographic sound reproducer.
optical spectrum (fiber optics) Generally, the electromagnetic

spectrum within the wavelength region extending from the
vacuum ultraviolet at 40 nanometers (nm) to the far infrared
at 1 millimeter (mm). See also: infrared; light.

(Std100) 812-1984w

optical storage Storage of information in which access to that
information is obtained using optical signals. Synonym:
photo-optic storage. See also: CD-ROM storage.

(C) 610.10-1994w

optical switch (interferometric fiber optic gyro) A device in
an optical path that can pass, stop, or redirect light, depending
on control input. (AES/GYAC) 528-1994

optical thickness (fiber optics) The physical thickness of an

isotropic optical element, times its refractive index. See also:
optical path length. (Std100) 812-1984w

optical time domain reflectometry (fiber optics) A method for
characterizing a fiber wherein an optical pulse is transmitted
through the fiber and the resulting light scattered and reflected
back to the input is measured as a function of time. Useful in
estimating attenuation coefficient as a function of distance
and identifying defects and other localized losses. See also:
scattering; Rayleigh scattering. (Std100) 812-1984w

optical tracker (navigation aid terms) A device for determin-
ing the direction of a luminous body relative to a set of ref-
erence axes using visible light vice, infrared, or radio fre-

quencies, (AES/GCS) 172-1983w

optical transfer function (diode-type camera tube) The spa-
tial frequency response of an imaging sensor to a point source

input. That is, the Fourier transform of the output image wav-

eshape when the input image is a point, is known as the two-
dimensional optical transfer function. In the one- dimensional
case, the optical transfer function is the Fourier transform of

772 optimum linearizing load resistance

the output image when the input image is aline. In the mog,
common one-dimensional form, the OTF, designated Ro(N),
is written

Ro(N) = IRo(N)I expLjP(N)].
The OTF contains both amplitude and phase information.

(ED)
optical wand See: light pen.
optical waveguide (A) (fiber optics) Any structure capable of

guiding optical power. (B) (fiber optics) In optical commu-

nications, generally a fiber designed to transmit optical sig.
nals. Note: The use of “optical conductor” as a synonym for
this term is deprecated. Synonym: optical fiber waveguide;
lightguide. See also: optical fiber; cladding; tapered fiber
waveguide; multimode optical waveguide; fiber bundle; fi-
beroptics; core. (Std100) 812-1984

optical waveguide connector (fiber optics) A device whose
purpose is to transfer optical power between two optical way-

eguides or bundles, and that is designed to be connected and
disconnected repeatedly. See also: optical waveguide cou-

pler; multifiber joint. (Std100) 812-1984w
optical waveguide coupler (A) (fiber optics) A device whose

purpose is to distribute optical power among two or more

ports. See also: tee coupler; star coupler. (B) (fiber optics) A
device whose purpose is to couple optical power between a

waveguide and a source or detector. (Std100) 812-1984
optical waveguide preform See: preform.
optical waveguide splice (fiber optics) A permanent joint

whose purpose is to couple optical power between two wav-

eguides. (Std100) 812-1984w

optical waveguide termination (fiber optics) A configuration
or a device mounted at the end of a fiber or cable which is
intended to prevent reflection. See also: index matching ma-

terial. (Std100) 812-1984w

optic amplifier An optoelectronic amplifier whose signal input
and output ports are electric. Note: This is in accord with the
accepted terminologies of other electric-signal input and out-

put amplifiers such as dielectric, magnetic, and thermionic
amplifiers. See also: optoelectronic device. (ED) [46]

optic axis (fiber optics) In an anisotropic medium,a direction
of propagation in which orthogonal polarizations have the
same phase velocity. Distinguished from “optical axis.” See
also: anisotropic. (Std100) 812-1984w

optic coupling device An isolation device using an optical link
to provide the longitudinal isolation. Circuit arrangements on

each side of the optical link convert the electrical signal into
an optical signal for transmission through the optical link and
back to an electrical signal. Various circuit arrangements pro-
vide one-way or two-way transmission and permit transmis-
sion to the various combinations of voice and/or de signalling
used by the power industry. The optical link may be either a

quartz rod or a short length of optic fiber. Single-channel optic
coupling devices may be used in conjunction with other iso-
lation devices in protection systems. | (PE/PSC) 487-1992

optic port A port where the energy is electromagnetic radiation,
that is, photons. See also: optoelectronic device.

(ED) [46]
optimal control An admissible control law that gives a per-

formance index an extremal value. See also: control system.
(IM) [120]

optimization The procedure used in the design of a system to

maximize or minimize some performance index. May entail
the selection of a component, a principle of operation, or a

technique. See also: system. (SMC) [63]
optimum bunching (electron tube) (traveling-wave tube) The

bunching condition that produces maximum power at the de-
sired frequency in an output gap. See also: electron device.

(ED) [45]
optimum linearizing load resistance (Hall generator) The

load resistance that produces the least linearity error.

(MAG) 296-1969w
et
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Certified copies of the priority documents have been received.
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3.0] Copies of the certified copies of the priority documents have been received in this National Stage
application from the International Bureau (PCT Rule 17.2(a)).

* See the attached detailed Office action fora list of the certified copies not received.
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Application/Control Number: 12/323,461 Page 2

Art Unit: 2187

The instant application having application No. 12/323,461 has a total of 40 claims

pending in the application; there are 3 independent claim and 37 dependent claims, all

of which are ready for examination by the examiner.

INFORMATION CONCERNING IDS:

The information disclosure statement (IDS) submitted on 01/27/09 is in compliance with

the provisions of 37 CFR 1.97. Accordingly, the information disclosure statement has

been considered by the examiner.

INFORMATION CONCERNING CLAIMS:

Claim Rejections - 35 USC § 112

The following is a quotation of the first paragraph of 35 U.S.C. 112:

The specification shall contain a written description of the invention, and of the manner and process of
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the art
to which it pertains, or with which it is most nearly connected, to make and use the same and shall set
forth the best mode contemplated by the inventor of carrying out his invention.

Claims 1-40 are rejected under 35 U.S.C. 112, first paragraph, as failing to comply
with the written description requirement. The claim(s) contains subject matter which

was not described in the specification in such a way as to reasonably convey to one

Skilled in the relevant art that the inventor(s), at the time the application was filed, had

possession of the claimed invention.

1. Lines 16-18 of the independent claim1 recite the limitation(s): “...said mapping
table causes the storage device to perform optimized memory operations on memory

locations respectively associated with said first PBA and said second PBA...” The
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Application/Control Number: 12/323,461 Page 3

Art Unit: 2187

specification does not describe how the mapping table causes the storage device to

perform optimized memory operation on memory location in such a way that is

understood by one having ordinary skill in the related art. The independent claims 22

and 32 recite a similar limitation(s) and are rejected based on the same ground of

rejection. The dependent claims 2-21, 23-31, and 33-40 are rejected under 35

U.S.C. 112, first paragraph, by virtue of their dependency from their respected

independent claims.

Conclusion

The prior art made of record and not relied upon are as follows:

1. U. S. Patent Publication No. 2009/0300318 A1 to Allen et al. describes

ADDRESS CACHING STORED TRANSLATION.

2. U. S. Patent Publication No. 2005/0114587 A1 to Chou et al. describes

ExpressCard with On-Card Flash Memory with Shared Flash-Control Bus but Separate

Ready Lines.

3. U. S. Patent Publication No. 2003/0217202 A1 to Zilberman et al. describes

Method for improving performance of a flash-based storage system using specialized
flash controllers.

Any inquiry concerning this communication or earlier communications from the

examiner should be directed to HASHEM FARROKH whose telephone number is

(571)272-4193. The examiner can normally be reached on 8-5.
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Art Unit: 2187

lf attempts to reach the examiner by telephone are unsuccessful, the examiner's

supervisor, Kevin L. Ellis can be reached on (571)272-4205. The fax phone number for

the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the

Patent Application Information Retrieval (PAIR) system. Status information for

published applications may be obtained from either Private PAIR or Public PAIR.

Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should

you have questions on access to the Private PAIR system, contact the Electronic

Business Center (EBC) at 866-217-9197 (toll-free). Ifyou would like assistance from a

USPTO Customer Service Representative or access to the automated information

system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000.

/Hashem Farrokh/
Examiner, Art Unit 2187
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Attorney Docket: 6005.007CIP

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Application of: ARCEDERA et al. ) Group Art Unit: 2187

Serial No.: 12/323,461 Examiner: FARROKH, Hashem

Filed: 25 Nov 2008

For: OPTIMIZING MEMORY OPERATIONS
IN AN ELECTRONIC STORAGE DEVICE

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

REPLYANDAMENDMENTTOFIRSTOFFICEACTION
Dear Examiner:

In response to the Office Action, mailed 25 Oct 2010, kindly amend this

Application as follows and consider the remarks set forth below.

Amendments to the specification begin on page 2;

A listing of original, amended and new claims begin on page 4; and

Remarks begin on page 17 of this paper.
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Amendment to th ification

In the Specification, please enter the amendments shown with respect to the

replacement paragraphs identified below. Text in underline indicates new text,

while text in strike-out format or between a pair of double brackets indicates

deletion of text. No new matter has been added.

Please replace paragraph [003] on page 2 with the following replacement

paragraph.

[0003] Electronic storage devices that respectively employ a memory system

that includes memory devices, memory chips, or modules that use non-volatile

memory cells are commonly known and are sometimes referred to as solid state

storage devices. The computer device industry has increased the adoption of these

solid state storage devices due to certain advantages offered by these types of

storage devices over other forms of storage devices, such as rotational drives. The

adoption of solid state storage devices as an enhancement or evenas[[a]]

replacements replacement to rotational drives is not without some difficulty

because many conventional computer devices, sometimes referred to as “hosts”,

use host operating systems, file systems, or both that are optimized for use with

rotational drives rather than solid state storage devices. For example, unlike

rotational drives, solid state storage devices that use NAND flash memory, also

referred to as “flash drives”, suffer from write cycle limitations and to a certain

degree, bad blocks. In addition, flash drives use block addressing rather than byte

addressing, and these flash drives use block addresses that are usually much larger

than the block address used by the host. Block addressing may impose an

In Re ARCEDERA et al. US Patent Application Serial No. 12/323,461 Page 2 of 23
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additional level of complexity and additional processing cycles when performing a

write operation, and which in turn, may increase write operation latency. This

additional level of complexity may include performing a read-modify-write

transaction to complete the write operation.
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Listing of Claims:

This listing of claims will replace all prior versions, and listings, of claims in

the application.

1. (ORIGINIAL) A mapping table for optimizing memory operations

performed by an electronic storage device in response to receiving an I/O

transaction request initiated by a host, said mapping table comprising:

a set of logical fields, including a first logical field and a second logical

field, and said logical fields respectively disposed for representing a plurality

of LBA sets, including said first logical field disposed for representing a first

LBA set and said second logical field disposed for representing a second LBA

set, said first and second LBA sets each representing a set of consecutive

LBAs;

a set of PBA fields, including a first PBA field and a second PBA field,

said set of PBA fields respectively disposed for representing a set of PBAs,

including a first PBA disposed for representing a first set of access parameters

and a second PBA disposed for representing a second set of access

parameters, said PBAs each associated with a physical memory location in a

memory store, said set of logical fields and said set of PBA fields disposed to

associate said first and second LBA sets with said first and second PBAs; and

wherein, in response to receiving the I/O transaction request, said

mapping table causes-the storage device to perform optimized memory

operations on memory locations respectively associated with said first PBA

In Re ARCEDERA et al. US Patent Application Serial No. 12/323,461 Page 4 of 23
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and said second PBA, if the I/O transaction request is associated with said

first and second LBA sets.

2. (ORIGINAL) The mapping table of claim 1, wherein:

said first and second LBA sets are adjacent LBA sets;

said first and second access parameters are different; and

said LBAs from said first and second LBA sets are logical block

addresses used by the host for addressing said data.

3. (ORIGINAL) The mapping table of claim 1, wherein an LBA having the lowest

LBA value from said second LBA set is consecutive with an LBA having the highest
LBA value from said first LBA set.

4. (ORIGINAL) The mapping table of claim 1, wherein an LBA having the lowest

LBA value from said second LBA set is not consecutive with an LBA having the

highest LBA value from said first LBA set.

5. (ORIGINAL) The mapping table of claim 1, wherein:

data stored at a first physical memory location, which is addressable

using said first PBA, is transferred to a second physical memory location,

which is addressable using said second PBA, said data transferred in portions

equal to a section size.
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6. (ORIGINAL) The mapping table of claim 5, wherein:

said first and second LBA sets respectively have an LBA set size equal

to said section size.

7. (ORIGINAL) The mapping table of claim 5, wherein:

said memory store includes a plurality of flash memory devices that

each have a native page size; and

said section size is at least equal to a product of a positive integer

multiplied by said native page size, and said integer is at least equal to one.

8. (ORIGINAL) The mapping table of claim 5, wherein:

said memory store includes a plurality of flash memory devices that

each have a native page size and a plurality of flash blocks, and that supports

more than one page write that can be performed on a page from one of said

flash blocks before requiring an erase cycle to be performed on said one of

said flash blocks; and

said section size is at least equal to a quotient resulting from dividing
said native page size by said more than one page write.

9. (ORIGINAL) The mapping table of claim 1, wherein said set of access

parameters includes a bus identifier, an FDE identifier and a group identifier.
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10. (ORIGINAL) The mapping table of claim 9, wherein said first and second PBA

include different bus identifiers, different FDE identifiers and different group

identifiers.

11. (ORIGINAL) The mapping table of claim 9, wherein said first and second PBA

respectively include different combinations of said bus identifiers, said FDE

identifiers, and said group identifiers.

12. (ORIGINAL) The mapping table of claim 1, wherein said first and second PBA

include different bus identifiers.

13. (ORIGINAL) The mapping table of claim 1, wherein said first and second PBA

include different FDE identifiers.

14. (ORIGINAL) The mapping table of claim 1, wherein said first and second

PBAs respectively include a first group identifier and a second group identifier.

15. (ORIGINAL) The mapping table of claim 1:

wherein said memory store includes a set of solid state memory

devices that are coupled to a set of buses and that are controlled by a set of

FDEs; and

wherein said access parameter includes a group identifier for

identifying at least a portion of said set of memory devices that are

respectively controlled by different FDEs from said set of FDEs.
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(ORIGINAL) The mapping table of claim 1, wherein:

said memory store includes a first set of memory devices controlled by

a first FDE and a second set of memory devices controlled by a second FDE;

and

said first and second sets of memory devices associated with a

plurality of group identifiers in which no two of said group identifiers is the

same, and each memory device from said first set of memory devices is

respectively associated with different group identifiers from said plurality of

group identifiers.

(ORIGINAL) The mapping table of claim 1, wherein:

said electronic storage device includes a storage device controller, said

memory store, and a memory system;

said memory system includes a flash buffer controller, a first set of

FDEs, a second set of FDEs, and a set of buses that includes a first bus and a

second bus;

said memory store includes a first set of memory devices and a second

set of memory devices, said first and second set of memory devices

respectively coupled to said first and second buses;
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said first set of FDEs disposed to control said first set of memory

devices through said flash buffer controller and said first bus, said first set of

FDEs including a first FDE and a second FDE;

said second set of FDEs disposed to control said second set of memory

devices through said flash buffer controller and said second bus, said second

set of FDEs including a third FDE and a fourth FDE;

said first and second set of memory devices are associated with a

plurality of memory device groups, including a first group and a second

group;

wherein said first and second groups corresponding respectively to

said first and second group identifiers; and

wherein said first and second PBAs respectively include said first and

second group identifiers.

(ORIGINAL) The mapping table of claim 17, wherein said first and third

memory devices are associated with a first group identifier and said second and

fourth memory devices are associated with a second group identifier.

19. (ORIGINAL) The mapping table of claim 17, wherein said first and second

memory devices include non-volatile solid state memory cells.
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20. (ORIGINAL) The mapping table of claim 17, wherein each memory device

from said first set of memory devices are respectively associated with different

group identifiers.

21. (ORIGINAL) The mapping table of claim 1, wherein said first PBA further

disposed to represent a memory index.

22. (ORIGINAL) A memory system for optimizing memory operations in an

electronic storage device responsive to an I/O transaction request initiated by a

host, said electronic storage device including a memory store having a set of

memory devices including a first memory device, a second memory device, a third

memory device and a fourth memory device, said memory system comprising:

a flash buffer controller, a set of FDEs, and a set of buses, wherein

said set of FDEs including a first FDE, a second FDE, a third FDE, and a fourth

FDE and wherein said buses including a first bus and a second bus, said first

bus coupled to the first and second memory devices, and the second bus

coupled to said third and fourth memory devices;

said first and second FDEs coupled to said first bus through said first

buffer controller, and said third and fourth FDEs coupled to said second bus

through said first buffer controller;

said set of memory devices are partitioned into memory device

groups, including a first group and a second group;

a mapping table that includes:
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a set of logical fields, including a first logical field and a second logical

field, and said logical fields respectively disposed for representing a plurality

of LBA sets, including said first logical field disposed for representing a first

LBA set and said second logical field disposed for representing a second LBA

set, said first and second LBA sets each representing a set of consecutive

LBAs;

a set of PBA fields, including a first PBA field and a second PBA field,

said set of PBA fields respectively disposed for holding a set of PBAs, including
a first PBA disposed for representing a first set of access parameters and a

second PBA disposed for representing a second set of access parameters, said

PBAs each associated with a physical memory location in a memory store,

said set of logical fields and said set of PBA fields disposed to associate said

first and second LBA sets with said first and second PBAs; and

wherein, in response to receiving the I/O transaction request, said

mapping table causes the storage device to perform optimized memory

operations on memory locations respectively associated with said first PBA

and said second PBA, if the I/O transaction request is associated with said

first and second set of consecutive LBAs.

(ORIGINAL) The memory system of claim 22, wherein an LBA having the

lowest LBA value in said second LBA set is consecutive with an LBA having the

highest LBA value from said first LBA set.
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24. (ORIGINAL) The memory system of claim 22, wherein said first and third

memory devices correspond to a first group identifier and said second and fourth

memory devices correspond to a second group identifier.

25. (ORIGINAL) The memory system of claim 22, wherein said optimized

memory operations include a first memory operation performed using said first PBA

and a second memory operation performed using said second PBA; said first and

second PBAs respectively associated with a first set of access parameters and a

second set of access parameters, and said set of first and second set of access

parameters differing by at least one access parameter.

26. (ORIGINAL) The memory system of claim 25, wherein said first and second

set of access parameters respectively including a bus identifier, an FDE identifier

and a group identifier.

27. (ORIGINAL) The memory system of claim 26, wherein said first and second

PBAs respectively include said first and second group identifiers.

28. (ORIGINAL) The memory system of claim 22, wherein said PBA further

includes a memory index.

29. (ORIGINAL) The memory system of claim 22, wherein:
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data stored at said first physical memory location is moved to said

second physical memory location using a minimum transfer size granularity
that is equal to a section size; and

said first and second LBA sets respectively have an LBA set size equal

to said section size.

30. (ORIGINAL) The mapping table of claim 29, wherein:

said memory store includes a plurality of flash memory devices that

each have a native page size; and

said section size is at least equal to a product of a positive integer

multiplied by said native page size, and said integer is at least equal to one.

31. (ORIGINAL) The mapping table of claim 29, wherein:

said memory store includes a plurality of flash memory devices that

each have a native page size and a plurality of flash blocks, and that permit a

number of write operations to be performed on a page from one of said flash

blocks before requiring an erase cycle to be performed on said flash block,

said number of write operations equal to at least two; and

said section size is at least equal to said native page size divided by

said number of write operations.
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32. (ORIGINAL) An electronic storage device that includes a memory system

that uses a memory table for increasing the likelihood that an operational load

imposed on the storage apparatus during the processing of an I/O transaction

request will be optimally distributed across storage device resources, said I/O

transaction request received by said storage device from a requesting host, said

electronic storage device comprising:

a mapping table which mapsa first LBA set to a first PBA, and a

second LBA set to a second PBA, said first and second LBA sets including

respective sets of consecutive LBAs;

a memory store that includes a set of flash devices, said set of flash

devices includes a first physical memory location and a second physical

memory location that are addressable by said first and second PBAs

respectively;

a memory system coupled to said memory store and disposed to use

said mapping table during a memory operation;

wherein said first PBA includes a first set of access parameters and

said second PBA includes a second set of access parameters, and at least one

difference between said first and second PBAs; and

wherein said mapping table increases the likelihood that that the

operational load imposed on the storage apparatus during the processing of
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the I/O transaction request will be optimally distributed across storage device

resources.

33. (ORIGINAL) The electronic storage device of claim 32, wherein an LBA

having the lowest LBA value in said second LBA set is consecutive with an LBA

having the highest LBA value from said first LBA set.

34. (ORIGINAL) The electronic storage device of claim 32, wherein the

processing of the I/O transaction request includes a first memory operation

performed using said first PBA and a second memory operation performed using

said second PBA; said first and second PBAs respectively associated with a first set

of access parameters and a second set of access parameters, and said set of first

and second set of access parameters differing by at least one access parameter.

35. (ORIGINAL) The memory system of claim 34, wherein said first and second

set of access parameters respectively including a bus identifier, an FDE identifier,

and a group identifier.

36. (ORIGINAL) The memory system of claim 35, wherein said first and second

PBAs respectively include said first and second group identifiers.

37. (ORIGINAL) The electronic storage device of claim 32, wherein said PBA

further includes a memory index.

38. (ORIGINAL) The electronic storage device of claim 32, wherein:
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data stored at said first physical memory location is moved to said

second physical memory location using a minimum transfer size granularity
that is equal to a section size; and

said first and second LBA sets respectively have an LBA set size equal

to said section size.

39. (ORIGINAL) The mapping table of claim 38, wherein:

said memory store includes a plurality of flash memory devices that

each have a native page size; and

said section size is at least equal to a product of a positive integer

multiplied by said native page size, and said integer is at least equal to one.

40. (ORIGINAL) The mapping table of claim 38, wherein:

said memory store includes a plurality of flash memory devices that

each have a native page size and a plurality of flash blocks, and that permit a

number of write operations to be performed on a page from one of said flash

blocks before requiring an erase cycle to be performed on said flash block,

said number of write operations equal to at least two; and

said section size is at least equal to said native page size divided by

said number of write operations.
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Remarks

The specification has been amended to correct minor errors, improve

readability, or otherwise. These corrections are of a clerical nature and do not add

"new matter".

The First Paragraph Section 112 Rejection

The Examiner rejects claims 1-40 under 35 USC §112, first paragraph, as

allegedly failing to comply with the written description requirement. More

particularly, the Examiner asserts that the “specification does not describe how the

mapping table causes the storage device to perform optimized memory operations

on memory location”. Applicants respectfully traverse this rejection because the

Specification describes embodiment(s) of the present invention in a manner that

allows one of ordinary skill in the art how to make and use without undue

experimentation the invention as claimed. See, MPEP 2164.01.

Independent Claims 1, 22 and 32 Meet the Statutory Requirements

Claim1

Claim 1 recites in part:

“wherein, in response to receiving the I/O transaction request, said

mapping table causes the storage device to perform optimized memory

operations on memory locations respectively associated with said first PBA

and said second PBA, if the I/O transaction request is associated with said

first and second LBA sets.” (Emphasis Added.)
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The above limitation in claim 1 is supported by the Specification because the

Specification teaches how a “mapping table” causes a “storage device to perform

optimized memory operations”. For example, paragraphs [0023]-[0025], [0034],

and [0036] (see also, FIGS. 1-2) disclose a mapping table, that when used by a

storage device, causes the storage device to perform optimized memory

operations.

In FIG. 2, mapping table 9 reflects the embodiment disclosed in

FIG. 1. PBA 46 and PBA 50 include access parameters that are associated

with the same group identifier of 15-0 but pertain to physical memory

locations within different flash memory devices in memory store 6. These

access parameters are associated with different FDE identifiers, such

as FDE identifiers 22-01 and 22-11 and with different bus identifiers

8-0 and 8-1, respectively. (Emphasisadded.) Using their respective

access parameters, PBA 46 is associated with a physical memory location that

is within a flash memory device 12-01 coupled to bus 8-0, controlled by FDE

22-01, and in group 15-0, while PBA 50 is associated with another physical

memory location that is within a flash memory device 12-01 coupled to bus 8-

1, controlled by FDE 22-11, and in group 15-0 in FIG. 1.

[0024] The term “LBA”, which may also be referred to herein as a

logical block address, is intended to represent an address that is part of a

logical addressing system (not shown) used by a host, such as host 18, and

this host may use one or more LBAs in an I/O transaction request, such as

1/O transaction request 20. Mapping table 9 associates LBAs from this host

logical addressing system to the device addressing system used by storage
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device 2. This device addressing system may include using a mapping table

that includes the functionality described herein, such as mapping table 9.

These LBAs may be grouped into sets of consecutive LBAs, named “LBA

sets”. (Emphasisadded.) These LBA sets may then be represented using

logical fields 26 from mapping table 9, where each logical field in set of logical
fields 26 is respectively disposed to represent a LBA set. For example, LBA

sets 40, 42, 44, and 45 may be used to respectively represent consecutive

LBAs used by host 18, such as LBAs 00 through 07, LBAs 08 through 15, LBAs

16 through 23, and LBAs 24-31, respectively.

[0025] Logical fields in mapping table 9 may be initialized to

represent LBA sets that are serially arranged in mapping table 9 so

that LBAs from adjacent LBA sets are contiguous. (Emphasisadded.)
In the example shown in FIG. 2, LBA sets 40, 42, 42, 44 and 45 represent

serially arranged LBAs since the highest LBA in one LBA set is contiguous with

the lowest LBA in an adjacent LBA set. Specifically, LBA sets 40 and 42 are

disposed in adjacent rows and thus are adjacent to each other. These

adjacent LBA sets are also contiguous because LBA 7, which corresponds to

the highest LBA in LBA set 40, is contiguous with LBA 8, which is the lowest

LBA in LBA set 42. Similarly, LBA sets 42 and 44 are also contiguous because

LBA 15, which corresponds to the highest LBA in LBA set 42, is contiguous
with LBA 16, which is the lowest LBA in LBA set 44. LBA set 44 is also

contiguous with LBA set 45.

[0034] During operation and after initialization of mapping table 9, if

storage device controller 22 receives an I/O transaction request 20 from host

18, storage device controller 22 processes I/O transaction request by
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transferring it to DMA controller 10. After receiving I/O transaction

request 20, DMA controller 10 uses mapping table 9 to determine

which PBAs are mapped to LBAs used in I/O transaction request 20.

DMA controller 10 uses the PBAs to determine which addressable

physical memory locations to use when performing memory

operations requested by host 18 through I/O transaction request 20.

Mapping table 9 associates LBA sets to PBAs in a manner that increases the

likelihood that memory operations resulting from I/O transaction request 20

will be optimized by distributing these memory operations across

different storage device resources that are associated with these

PBAs, such as across different FDEs, different buses, different flash

memory devices, or any combination of these. (Emphasisadded.)

[0036] Using different group identifiers, such as group identifiers 15-0 and

15-1 in mapping table 9, enables the interleaving of memory operations

across flash devices that are controlled by the same FDE. (Emphasisadded.)
Stated another way, using different group identifiers enables interleaving

memory operations across flash devices that belong to the same flash array

bank interleave. Using different FDE identifiers in mapping table 9 enables

interleaving memory operations across flash memory devices that are

controlled by different FDEs, while using different bus identifiers enables

interleaving memory operations across flash memory devices that are coupled

to different flash bus interfaces.”

Thus, by the example discussed above, the Specification describes “how the

mapping table causes the storage device to perform optimized memory operations”

(See, Office Action) in a manner that meets the requirements in Section 112, first
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paragraph, rendering claim 1 and its respective dependent claims statutory.

Claim22

Claim 22 recites in part:

“wherein, in response to receiving the I/O transaction request, said

mapping table causes the storage device to perform optimized memory

operations on memory locations respectively associated with said first PBA

and said second PBA, if the I/O transaction request is associated with said

first and second set of consecutive LBAs.”

The above limitation in claim 22 is also supported by the Specification because the

Specification teaches how a “mapping table” causes a “storage device to perform

optimized memory operations”. See, Specification at paragraphs [0023]-[0025],

[0034], and [0036] and FIGS. 1-2. Thus, claim 22 also meets the requirements in

35 USC Section 112, first paragraph, rendering claim 22 and its respective

dependent claims statutory.

Claim 32

Claim 32 recites in part:

“wherein said mapping table increases the likelihood that that the

operational load imposed on the storage apparatus during the processing of

the I/O transaction request will be optimally distributed across storage device

resources.”

The above limitation in claim 32 is supported by the Specification because the

In Re ARCEDERA et al. US Patent Application Serial No. 12/323,461 Page 21 of 23

BIT_INT0001273

Case 6:22-cv-00335-ADA   Document 44-11   Filed 12/16/22   Page 22 of 24

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Attorney Docket: 6005.007CIP

Specification teaches how a “mapping table increases the likelihood that the

operational load imposed on the storage apparatus”...”will be optimally distributed

across storage device resources” as recited in claim 32. See for example,

paragraphs [0034] and [0036] (see also, FIGS. 1-2) which disclose the following:

During operation and after initialization of mapping table 9, if

storage device controller 22 receives an I/O transaction request 20 from host

18, storage device controller 22 processes I/O transaction request by

transferring it to DMA controller 10. After receiving I/O transaction request

20, DMA controller 10 uses mapping table 9 to determine which PBAs

are mapped to LBAs used in I/O transaction request 20. DMA

controller 10 uses the PBAs to determine which addressable physical memory

locations to use when performing memory operations requested by host 18

through I/O transaction request 20. Mapping table 9 associates LBA sets to

PBAs in a manner that increases the likelihood that memory operations

resulting from I/O transaction request 20 will be optimized by

distributing these memory operations across different storage device

resources that are associated with these PBAs, such as across different

FDEs, different buses, different flash memory devices, or any

combination of these. (Emphasisadded.)

[0036] Using different group identifiers, such as group identifiers 15-0 and

15-1 in mapping table 9, enables the interleaving of memory operations

across flash devices that are controlled by the same FDE. Stated another

way, using different group identifiers enables interleaving memory operations

across flash devices that belong to the same flash array bank interleave.

Using different FDE identifiers in mapping table 9 enables interleaving
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memory operations across flash memory devices that are controlled by

different FDEs, while using different bus identifiers enables interleaving

memory operations across flash memory devices that are coupled to different

flash bus interfaces. (Emphasis added.)”

Thus, claim 32 also meets the requirements in 35 USC Section 112, first paragraph,

rendering claim 32 and its respective dependent claims statutory.

Request for Allowance

It is believed that this Response places this Application into condition for

allowance. Early favorable consideration of this Amendment is earnestly solicited.

Respectfully submitted,

Dated: 25 February 2011 StephenUriarte/
Stephen R. Uriarte, Reg. No. 40,854

Uriarte Law
2021 The Alameda, Suite 225
San Jose, CA 95126
Tel: 408.244.2164 x111
Fax: 408.716.2651
Email: mail@uriartelaw.com
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PARTI THE EXAMINER’S EVALUATION OF THE APPLICATION

SECTION A RELEVANT ART CITED BY THE EXAMINER

7. U. S. Patent Publication No. 2009/0300318 A1 to Allen et al. describes

ADDRESS CACHING STORED TRANSLATION.

2. U. S. Patent Publication No. 2005/0114587 A1 to Chou et al. describes Express
Card with On-Card Flash Memory with Shared Flash-Control Bus but Separate Ready
Lines.

3. U. S. Patent Publication No. 2003/0217202 A1 to Zilberman et al. describes

Method for improving performance of a flash-based storage system using specialized
flash controllers.

SECTION B DISTINGUISHING FEATURES RECITED IN THE CLAIMS

The following is an Examiner’s Statement of Reasons for Allowance See

MPEP 1302.14

4. The primary reasons for allowance of claims 1-31 in the instant application is the

combination with the inclusion of the following limitations: a set of PBA fields,

including a first PBA field and a second PBA field, said set of PBA fields

respectively disposed for representing a set of PBAs, including a first PBA

disposed for representing a first set of access parameters and a second PBA

disposed for representing a second set of access parameters, said PBAs each

associated with a physical memory location ina memory store, said set of logical
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fields and said set of PBA fields disposed to associate said first and second LBA

sets with said first and second PBAs; and wherein, in response to receiving the

transaction request, said mapping table causes-the storage device to perform

optimized memory operations on memory locations respectively associated with

said first PBA and said second PBA, if the I/O transaction request is associated

with said first and second LBA sets.

5. The primary reasons for allowance of claims 32-40 in the instant application is

the combination with the inclusion of the following limitations: a mapping table which

maps a first LBA set to a first PBA, and a second LBA set to a second PBA, said

first and second LBA sets including respective sets of consecutive LBAs;

wherein said first PBA includes a first set of access parameters and said second

PBA includes a second set of access parameters, and at least one difference

between said first and second PBAs; and wherein said mapping table increases

the likelihood that that the operational load imposed on the storage apparatus

during the processing of he I/O transaction request will be optimally distributed

across storage device resources.

The prior art of record including the disclosures of Allen et al. (2009/0300318

A1), Chou et al. (2005/0114587 A1), and Zilberman et al. (2003/0217202 A1) neither

anticipates nor renders obvious the above-recited combination.
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Any comments considered necessary by applicant must be submitted no later than the

payment of the issue fee and, to avoid processing delays should be clearly labeled

“Comments on Statement of Reasons for Allowance”

SECTION C RESPONSE TO REMARKS

Applicant arguments regarding rejection of claims 1-40 under 35 U.S.C. 112, first

paragraph is persuasive. Hence, rejection under 35 U.S.C. 112, first paragraph is

withdrawn.

PART II THE ATTENTION OF FUTURE CORRESPONDENT

Any inquiry concerning this communication or earlier communications from the

examiner should be directed to HASHEM FARROKH whose telephone number is

(571)272-4193. The examiner can normally be reached on 8-5.

If attempts to reach the examiner by telephone are unsuccessful, the examiner's

supervisor, Kevin Ellis can be reached on (§71)272-4205. The fax phone number for

the organization where this application or proceeding is assigned is 571-273-8300.
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Information regarding the status of an application may be obtained from the

Patent Application Information Retrieval (PAIR) system. Status information for

published applications may be obtained from either Private PAIR or Public PAIR.

Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should

you have questions on access to the Private PAIR system, contact the Electronic

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a

USPTO Customer Service Representative or access to the automated information

system, call 800-786-9199 (IN USA OR CANADA)or 571-272-1000.

/HASHEM FARROKH/
Primary Examiner, Art Unit 2187
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MULTI-PROFILE MEMORY CONTROLLER 
FOR COMPUTING DEVICES 

CROSS-REFERENCE(S) TO RELATED 
APPLICATIONS 

This application claims the benefit of United States Provi­
sional Application, entitled "Multi-Profile Memory Control­
ler for Computing Devices", filed on 4 Sep. 2009 and having 
Ser. No. 61/239,794, which is hereby incorporated by refer­
ence as if fully set forth herein. 

BACKGROUND 

(1) Technical Field 
The present invention relates to multi-profile memory con­

trollers and computing devices, such as solid-state storage 
devices, that use these multi-profile memory controllers. 

(2) Background Art 

2 
FIGS. 2A-2C illustrate device profiles for use with a multi­

profile memory controller in accordance with yet another 
embodiment of the present invention; 

FIG. 3 illustrates a multi-profile memory controller in 
5 accordance with yet another embodiment of the present 

invention; 
FIG. 4 illustrates a method of performing memory trans­

actions on memory locations that are associated with differ­
ent device profiles in accordance with yet another embodi-

10 ment of the present invention; 
FIG. 5 illustrates a further embodiment of the method 

illustrated in FIG. 4. 
FIG. 6 illustrates a block diagram of a computer system 

that uses an electronic storage device which employs a multi-
15 profile memory controller to perform one or both of the meth­

ods disclosed in FIGS. 4 and 5 above in accordance with yet 
another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
20 

Multi-profile memory controllers have been traditionally 
designed to operate with memory stores or modules that 
comprise of memory devices which use the same memory 
device characteristics, such as block size. Some of these 
multi-profile memory controllers are disposed to operate with 25 

memory devices that use flash memory cells which utilize 
relatively large block sizes, such as 128 Kb or greater. Flash 
memory devices that have a relatively large block size gen­
erally provide better sequential memory access performance 
than flash memory devices that have a relatively small block 30 

size. Larger block sizes are commonly employed because 
flash memory devices that are disposed with larger block 
sizes tend to exhibit greater memory density than flash 
memory devices that use smaller block sizes. In addition, 
these higher density flash memory devices tend to be gener- 35 

ally more cost effective than flash memory devices with less 
memory density. 

In the following detailed description, for purposes of 
explanation, numerous specific details are set forth to provide 
a thorough understanding of the various embodiments of the 
present invention. Those of ordinary skill in the art will realize 
that these various embodiments of the present invention are 
illustrative only and are not intended to be limiting in any way. 
Other embodiments of the present invention will readily sug­
gest themselves to such skilled persons having the benefit of 
this disclosure. 

In addition, for clarity purposes, not all of the routine 
features of the embodiments described herein are shown or 
described. It is appreciated that in the development of any 
such actual implementation, numerous implementation-spe­
cific decisions must be made to achieve the developer's spe­
cific goals. These specific goals will vary from one imple­
mentation to another and from one developer to another. 
Moreover, it will be appreciated that such a development 
effort might be complex and time-consuming but would nev­
ertheless be a routine engineering undertaking for those of 
ordinary skill in the art having the benefit of this disclosure. 

A multi-profile memory controller that employs flash 
memory devices that have relatively large block sizes incurs 
some disadvantages, however, because it suffers from rela- 40 

tively higher read-modify-write cycle latency, higher random 
memory access latency and lower random IOPS (input/output 
operations per second). Consequently, there is a need for a 
multi-profile memory controller that can operate with 
memory locations, memory devices, or both that are associ- 45 

ated with different memory attributes, different attribute 
qualifiers, or the like, while minimizing or avoiding some or 

The present invention relates to multi-profile memory con­
trollers and computing devices that use these multi-profile 
memory controllers, such as storage devices, computers, and 
other types of devices that use memory. More particularly, the 
present invention relates to a multi-profile memory controller 
disposed to perform memory transactions using different 
device profiles. This type of multi-profile memory controller 
may be referred to herein as a "multi-profile memory control­
ler". In accordance with one embodiment of the present 

all of the above described disadvantages. 

SUMMARY 

The present invention pertains to a multi-profile memory 
controller and devices that use multi-profile memory control­
lers. More particularly, the present invention pertains to a 
multi-profile memory controller and related methods and sys­
tems that can operate with memory locations, memory 
devices, or both which are associated with different memory 
attributes, different attribute qualifiers, or the like, while 
minimizing or avoiding some or all of the disadvantages of 
the prior art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a multi-profile memory controller, which 
is disposed to receive and process memory transaction 
requests from a host, in accordance with one embodiment of 
the present invention; 

50 invention, FIG.1 illustrates a multi-profile memory controller 
2 for performing a memory transaction on a memory store 4 
in response to receiving a memory transaction request 6. 
Memory transaction request 6 may be initiated by an IO 
device, such as IO device 8, or other device disposed to 

55 initiate such a request. Memory store 4 may be part of a 
computing device or equivalent device, such as storage device 
15, that includes multi-profile memory controller 2. In the 
example shown, multi-profile memory controller 2 executes 
computer or machine executable instructions, such as pro-

60 gram code 17, which enables multi-profile memory controller 
2 to manage, control or both the flow of data between IO 
device 8 and memory store 4. 

Memory store 4 includes addressable memory locations, 
such as memory locations 9 and 11, that are respectively 

65 associated with a set of at least one memory attribute. The 
term "memory attribute", which may also be referred to as 
"attribute" herein, is defined to include a characteristic of a 
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device profiles may be respectively associated with different 
memory locations that are addressable from the same 
memory device but which have different attributes, shared 
attributes having different attribute qualifiers, or both. Device 

memory location that is related to accessing or addressing the 
memory location. For example, an attribute that is associated 
with a particular memory location may include the memory 
device type of a memory device in which the memory location 
is located or addressable, or of a memory device associated 
with a memory space in which the memory location is subset. 
In FIG. 1, memory locations 9 and 11 are located or addres­
sable in memory devices 10 and 12, respectively. Other 
examples of an attribute of a memory location may include, 
where applicable, the block size used by the memory device, 
the page size used by the memory device, the memory pro­
tocol or specification supported by the memory device, and 
the partial page size used by the memory device. 

5 profiles are different if they differ by attribute, by number of 
attributes, by attribute qualifier for shared attributes, or any 
combination of these. Shared attributes include at least two 
attributes that are the same. In FIGS. 28 and 2C, device 
profiles 26 and 38 have the following shared attributes: a page 

In one embodiment of the present invention, each set of 
memory attributes may be organized into a device profile. 
Each attribute kept in a device profile is associated with data, 
named "attribute qualifier," that qualifies the attribute, such as 

10 size, block size, memory device type, memory protocol, and 
partial page size. In the example shown, device profiles 26 
and 38 neither differ by their number of attributes nor by their 
attributes but differ by attribute qualifier for their sets of 
shared attributes. Specifically, page sizes 28 and 40; block 

an attribute value or attribute type. The association between 

15 sizes 30 and 42, and partial page sizes 36 and48 differ by their 
attribute values, while memory protocols 32 and 44, and 
memory device types 34 and 46 differ by their attribute types. 
In another embodiment (not shown), device profiles 26 and 38 
may have the same attributes but at least one set of shared an attribute and its corresponding attribute qualifier may be 

accomplished by using any known means, such as by using a 
database, a table, index, or an equivalent device, that is acces­
sible to multi-profile memory controller 2. For example, 
device profile 14 in FIG. 2A may be used to represent at least 
one attribute 24 of a memory location, and each attribute 
respectively corresponds to an attribute qualifier 25. These 25 

attributes include a page size 16, a block size 18, a memory 
protocol 20 supported by the memory device in which the 
memory location is addressable, a memory device type 22, 
and a partial page size 23. Attribute qualifier 25 is in the form 

20 attributes differs by an attribute qualifier, such an attribute 
value or attribute type. In yet another embodiment (not 
shown) device profiles 26 and 38 have a different number of 
attributes. These alternative embodiments are not intended to 

of a value or type. In FIG. 2A, attribute page size 16 corre- 30 

sponds to an attribute value in bytes per page, attribute block 
size 18 corresponds to an attribute value in pages per block, 
attribute memory protocol 20 corresponds to a memory 
device specification or protocol supported by the memory 
device associated with the memory location, attribute 35 

memory device type 22 corresponds to a memory device type 
of the memory device associated with the memory location, 
attribute partial page size 23 corresponds to an attribute value 
in bytes per partial page. 

Referring to FIGS.1 and 28 for example, memory location 40 

9 in memory store 4 may have a device profile 26 that includes 
the following attributes: a page size 28 associated with an 
attribute value of 1024 bytes, a block size 30 associated with 
an attribute value of2048 pages, a memory protocol 32 asso­
ciated with an attribute type that represents the ONFi speci- 45 

fication, a memory device type 34 associated with an attribute 
type that represents a NAND flash memory device, and a 
partial page size 36 associated with an attribute value of 512 
bytes. In another example as shown in FIG. 2C, memory 
location 11 in memory store 4 may have a device profile 38 50 

that includes the following attributes: a page size 40 associ­
ated with an attribute value of 512 bytes, a block size 42 
associated with an attribute value of 8192 pages, a memory 
protocol 44 associated with an attribute type that represents 
the ONFi protocol, a memory device type 46 associated with 55 

an attribute type that represents a NAND flash memory 
device, and a partial page size 48 associated with an attribute 
value of 256 bytes. 

A device profile may have any number of attributes, while 
any two device profiles may have any number of shared 60 

attributes equal to or greater than zero. Multi-profile memory 
controller 2 can perform memory transactions using different 
device profiles. In this example, memory locations 9 and 11 
have different device profiles. Memory locations that are 
addressable from the same memory device may share the 65 

same device profile although this approach is not intended to 
be limiting in any way. In another embodiment, different 

be exhaustive but are provide to illustrate the variety in which 
device profiles may differ. 

The type and location of a memory device or memory store 
used to store device profiles are not intended to limit the scope 
of the invention in any way. In the example shown in FIG. 1, 
the device profiles 26 and 38 for memory locations 9 and 11 
are stored in memory store 4. In an alternative embodiment, 
device profiles 26 and 38 may be stored in another type of 
non-volatile memory, such as an EPROM, battery-backed 
volatile memory, or their respective equivalent, which is not 
shown to avoid overcomplicating this disclosure. The term 
"memory device" refers to any type of memory device that 
can write to or read data from an addressable location in 
response to a memory device command, such as a read or 
write command. For example, memory devices 10 and 12 
may be each disposed to be in the form of a NAND flash 
memory device integrated circuit, sometimes referred to as a 
flash chip. Using a NAND flash memory device is not 
intended to be limiting in any way, and any form of non­
volatile memory, such as a NOR flash memory device, may be 
used. ANAND flash memory device includes a set of addres­
sable non-volatile memory cells, named flash blocks, and 
each memory cell may be single or multi-level. 

A flash memory device permits memory operations, such 
as a write or read operation, to be performed on these flash 
blocks according to a protocol supported by the flash memory 
device. Memory device 10 and 12 may each be implemented 
using a NAND flash memory device that complies with the 
Open NAND Flash Interface Specification, commonly 
referred to as ONFI Specification. The term "ONFI Specifi­
cation" is a known device interface standard created by a 
consortium of technology companies, called the "ONFI 
Workgroup". The ONFI Workgroup develops open standards 
for NAND flash memory devices and for devices that com­
municate with these NAND flash memory devices. The ONFI 
Workgroup is headquartered in Hillsboro, Oreg.Using a flash 
memory device that complies with the ONFI Specification is 
not intended to limit the embodiment disclosed. One of ordi-
nary skill in the art having the benefit of this disclosure would 
readily recognize that other types of flash memory devices 
employing different device interface protocols may be used, 
such as protocols compatible with the standards created 
through the Non-Volatile Memory Host Controller Interface 
("NVMHCI") working group. Members of the NVMHCI 
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working group include Intel Corporation of Santa Clara, 
Calif., Dell Inc. of Round Rock, Tex. and Microsoft Corpo­
ration of Redmond, Wash. 

6 
54 with interface controller providing FIFO status to memory 
device interface 50 and IO device interface 54. 

Data paths 56 and 58, whether implemented logically or 
physically, may be used as bi-directional or unidirectional Memory store 4 is not intended to be limited to flash 

memory devices, and may include other types of memory 
devices, such as volatile memory like SRAM or DRAM; 
non-volatile memory, such as a NOR flash memory device or 
battery-backed volatile memory; a hard disk drive; and the 
like. The term "IO device" is intended to cover a broad range 

5 data paths. When used as a bi-directional data path, data may 
travel in both directions. For example, bi-directional data path 
56, data path 58 or both may be used to transfer both read and 
write data. When used as a one way data path, data may travels 
only in one direction on a particular data path. For example, 

10 data path 56 may be used solely to transfer data from IO 
device interface 54 to memory device interface 50, while data 
path 58 may be used solely to transfer data from memory 
device interface 50 to IO device interface 54. FIG. 1 illustrates 

of devices that can request a memory transaction, such as a 
read or write transaction. For example, a computing system or 
computing-enabled device that is configured to include the 
function of requesting a memory transaction from memory 
store 4 is an IO device for purposes of this disclosure. An IO 
device may or may not have the capability to map data that is 15 

subject to a memory transaction request in a memory map 
table. This data may include a file or data portions of the file. 

an embodiment of multi-profile memory controller 2 that uses 
FIFO 70 configured to provide unidirectional data paths 56 
and 58 in logical form. 
Memory Buses 60 & 62 

Memory device interface 50 is coupled to memory store 4 
through at least one bus, such as buses 60 and 62. Buses 60 

IO memory mapping and memory tables are known and thus, 
are not further described herein. An IO device may also be 
referred to herein as a "host". 20 and 62 are shown respectively coupled to memory devices 10 

and 12. The number of memory buses used to couple multi­
profile memory controller 2 to memory devices associated 
with memory store 4 is not intended to be limiting. More than 
one memory device may be coupled to memory device inter-

In FIG. 1, multi-profile memory controller 2 may be con­
figured to include a memory device interface 50, an interface 
controller 52 and an IO device interface 54. Communication 
path 64 couples memory device interface 50 with interface 
controller 52, while communication path 66 couples interface 
controller 52 with IO device interface 54, which enables these 
coupled devices to assert or transmit signals across their 
respective communication paths. Interface controller 52 and 
memory device interface 50 communicate through commu­
nication bus 64. Communication through communication 
path 64 includes interface controller 52 sending information, 
such as command details, to memory device interface 50 and 
receiving status from memory device interface 50. In addi­
tion, interface controller 52 communicates with IO device 
interface 54 though communication path 66. Communication 35 

through communication path 66 includes interface controller 

25 face 50. The means and method of selecting a memory device 
or addressing a memory location from a set of memory 
devices by using a single memory bus are known. For 
example, select lines (not shown) may be used. In addition, 
the number of data buses or FIFOs used is also not intended to 

30 be limiting. As would be evident to one of ordinary skill 
having the benefit of this disclosure, using more than one data 
bus, FIFO, or both, increases the available pathways through 
which data may be transmitted between IO device interface 
54 and memory device interface 50. 

Memory device interface 50 operates as the communica-
tion interface between memory store 4 and devices that form 
part of multi-profile memory controller 2, such as interface 
controller 52 and IO device interface 54. Memory device 
interface 50 monitors the availability of a memory device that 

52 receiving status and request information from IO device 
interface 54 and sending commands to IO device interface 54. 
Communication paths 64 and 66 may be implemented in the 
form of a bus that includes control or command lines. A set of 
control or command lines are sometimes generically referred 
to as a control bus or a command line bus, respectively. 
Data Paths 56 & 58 

40 has been targeted for a memory device operation, and routes 
commands and data between multi-profile memory controller 
2 and the memory device, such as memory device 10 or 12. 
Memory device interface 50 also provides the required physi­
cal signaling, such as by asserting electrical signals on At least one data path, such as data paths 56 and 58, are 

used to couple IO device interface 54 with memory device 
interface 50, enabling these devices to transfer data, such as 
data that will be read from or written to memory store 4, with 
each other. In one embodiment of the present invention, data 
paths 56 and 58 may be implemented logically by using a 
single FIFO buffer 70, named "FIFO". FIFO 70 includes a set 50 

of queue slots and may be used to provide more than one 
logical data path by associating certain queue slots as a par­
ticular data path. For example, all odd numbered queue slots 

45 memory bus 60, memory bus 62, or both, that will enable 
memory device interface 50 to use the memory bus to transfer 
commands and data associated with the memory device 

in FIFO 70 may be designated as one data path, such as data 
path 56, while all even numbered queue slots in FIFO 70 55 

another data path, such as data path 58. Interface controller 52 
is also coupled to FIFO 70 to provide FIFO status to memory 
device interface 50 and IO device interface 54. When imple­
mented in this marmer, FIFO 70 functions as a logical form of 
data paths 56 and 58 because although a single instance of 60 

FIFO is used, it provides two logical data paths through which 
data may be transferred between memory device interface 50 
and IO device interface 54. In another embodiment of the 
present invention, data paths 56 and 58 may each be imple­
mented separately in the form of a FIFO, respectively. Each 65 

FIFO (not shown) may be used to queue data transferred 
between memory device interface 50 and IO device interface 

operation. 
Memory Device Interface 50 

Memory device interface 50 is responsive to commands 
received from interface controller 52 via a suitable commu­
nication path or bus, such as communication path 64, which 
enables interface controller 52 to perform a memory transac­
tion operation, such as a read or write memory operation on a 
selected memory device, such as memory device 10 or 12. 
Data associated with this read or write memory operation is 
transferred between memory device interface 50 and IO 
device interface 54 via at least one data path, such as data path 
56, data path58 or both. In the examples shown in FIGS.1 and 
2B-2C, memory device interface 50 supports the ONFi 
memory protocol, which renders it compatible with memory 
device 10 and 12 since they are NAND flash memory devices 
that support the ONFi memory protocol. 
IO Device Interface 54 

IO device interface 54 operates as the communication 
interface between an IO device, such as IO device 8, and 
devices that form part of multi-profile memory controller 2, 
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such as memory device interface 50 and interface controller 
52. IO device interface 54 enables multi-profile memory con­
troller 2 and IO device 8 to communicate with each other 
through a protocol supported by both devices, enabling multi­
profile memory controller 2 to receive a memory transaction 
request 6 that was sent by IO device 8 through a suitable 
communication pathway, such as communication bus 66. The 
type of protocol used is not intended to be limiting in any way 
although this protocol should be supported by IO device 
interface 54 and any IO device that is selected to operate with 
IO device interface 54. IO device interface 54 also provides 
the required physical signaling, such as by asserting electrical 
signals on communication path 68, that will enable IO device 
interface 54 to use path 68 when communicating with an IO 
device, such as by receiving memory transaction request 6. 
The number ofIO devices through which IO device interface 
can communicate is not intended to be limiting in any way. 
Operation 

After receiving memory transaction request 6 from an IO 
device, IO device interface 54 transfers this request to inter­
face controller 52 through communication path 66. Interface 
controller 52 processes memory transaction request 6 by 
interpreting the memory transaction request and performing a 
memory transaction on a memory location. Performing a 
memory transaction includes addressing a memory location 
that is associated with a device profile, and that is located in or 
addressable in a memory device. The addressing of this 
memory location by interface controller 52 may be part of the 
memory read or write transaction indicated in the memory 
transaction request. Interpreting memory transaction request 
6 includes determining whether the memory transaction per­
tains to a memory read or a memory write transaction, and 
identifying an address from the memory transaction request. 
In the embodiment shown, this identified address is a logical 
address, and interface controller 52 translates this logical 
address into a physical address, which points to the memory 
location, which may also be referred to herein as "target 
memory location". The manner of translating a logical 
address to a physical address is also not intended to be limit­
ing in any way. Any method may be used that is commonly 
known by those of ordinary skill in the art. For example, a 
logical to physical address memory map that maps each logi­
cal address to target memory locations may be used. In addi­
tion, more than one physical address may be mapped to a 
single logical address. In the embodiment shown in FIG. 1, if 
multiple physical addresses or target memory locations are 
mapped to a single logical address, all of these target memory 
locations are associated with the same device profile although 
this arrangement is not intended to limit the scope or spirit of 
the herein invention in any way. Thus, in this particular non­
limiting embodiment, for each memory transaction 
requested, multi-profile memory controller 2 can perform 
memory operations on more than one memory location. 
These memory locations are associated with device profiles 
that are either the same, or at the very least have at least one 
shared attribute in common that have the same attribute quali­
fier. For example, these memory locations may have device 
profiles that have a shared attribute of block size and the same 
block size attribute value. 

8 
embodiment of the present invention, multi-profile memory 
controller 2 through interface controller 52 uses a memory 
map (not shown) that associates memory devices with physi­
cal addresses. Multi-profile memory controller 2 also deter-

5 mines the transfer sizes to use when causing a memory trans­
action to be performed on the target memory device. 

After identifying these command details, the multi-profile 
memory controller obtains attributes from the device profile 
associated with the target memory location, and determines 

10 whether the target memory location is available by causing 
memory device interface 50 to determine the status of the 
target memory device and to inform interface controller 52 
when this target memory device is ready for a memory opera­
tion. When the target memory device is ready, multi-profile 

15 memory controller 2 performs the memory transaction by 
causing memory device interface 50 to perform a memory 
operation on the target memory location and target memory 
device. Multi-profile memory controller 2 also causes data to 
be transferred via at least one suitable bus or communication 

20 path, such as data paths 56 and 58, to the target memory 
location and the target memory device from IO device inter­
face 54 if the memory transaction request pertains to a 
memory write transaction, or from the target memory loca­
tion and the target memory device to IO device interface 54 if 

25 the memory transaction request pertains to a memory read 
transaction. 

In FIG. 1 for example, if the logical address translates to a 
physical address pointing to memory location 9 in memory 
device 10, multi-profile memory controller 2 instructs 

30 memory device interface 50 to check the status of memory 
device 10. When multi-profile memory controller 2 through 
memory device interface 50 detects that memory device 10 is 
ready for a memory transaction, multi-profile memory con­
troller 2 through interface controller 52 provides the instruc-

35 tions necessary for causing memory device interface 50 to 
perform at least one memory operation as required by the 
memory transaction requested by memory transaction 
request 6. 

In one embodiment of the present invention, the transfer 
40 size selected is a function of the data size of the subject to 

memory transaction request 6, and the attributes in a device 
profile associated with a target memory location. These 
attributes may include any combination of the following: the 
page size attribute, the block size attribute, and the partial 

45 page size attribute in device profile 26 of memory location 9 
although this example is not intended to be limiting in any 
way. Any transfer size can be selected using any method and 
more than one transfer size can be used for memory transac­
tions that require multiple transfers arising from more than 

50 one memory operation. In addition, for illustration purposes 
only and in one example embodiment, if the data size is 
greater than the page size attribute value in device profile 26, 
multi-profile memory controller 2 uses a transfer size equal to 
at least the page size attribute value for each memory opera-

55 tion transfer for the memory transaction requested until the 
remaining data not yet transferred from a requesting IO 
device is less than the page size attribute. In this case, multi­
profile memory controller 2 can then use a partial page size 

Interface controller 52 also determines command details 60 

attribute value for the transfer size of the next memory opera­
tion transfer until all of the data has been transferred to 
memory location 9. If the data size is greater than the block necessary to cause the interpreted memory transaction to be 

performed by multi-profile memory controller 2 through its 
components. These command details include the memory 
device from which the target memory location is addressable 
by a multi-profile memory controller component, such as 
memory device interface 50. This memory device may also be 
referred to herein as a "target memory device". In one 

size attribute value in device profile 24, multi-profile memory 
controller 2 uses a transfer size equal to at least the block size 
attribute value for each memory operation transfer for the 

65 memory transaction requested until the remaining data not 
yet transferred is less than the block size attribute value. If the 
remaining data not yet transferred reduces to less than the 
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memory and device status are routed to main control device 
78 via control path 86 or 88 and communication path 96 or 98 
by memory bus controllers, such as 74 or 76, respectively, 
depending on which memory bus controller is associated with 

block size attribute value, multi-profile memory controller 2 
then selects a transfer size equal to the page size attribute 
value if this remaining data has a data size, named "remaining 
data size", that is at least equal to the page size attribute, or 
equal to the partial page size attribute value if this remaining 
data size is less than the page size attribute. 

5 the memory device providing the memory device status. 
Although as further described below, main control device 78 
determines whether a target memory location is available, a 
memory bus controller performs the transfer of this availabil­
ity status from the target memory location to main control 

10 device 78. 

In another example, by using a multi-profile memory con­
troller 2, which supports memory locations that have different 
device profiles, a host or IO device, such as IO device 8, can 
use a logical address that maps to at least one target memory 
location that is associated with a device profile that is optimal 
for the type of data subject to a memory transaction request 
initiated by IO device 8, and another target memory location 
that is associated with another device profile that is optimal 
for the type of data subject to another memory transaction 15 

request initiated by IO device 8. IO device 8 may use a 
memory write transaction request that uses a logical address 
that maps to at least one target memory location that is asso­
ciated with a device profile that includes a block size attribute 
value that is the largest available from the other device pro- 20 

files associated with a set of memory locations available for 
addressing by multi-profile memory controller 2. This trans­
action command detail may be desired if the data subject to 
the memory transaction request is ofa sequential type, and the 
memory type attribute value also associated with the device 25 

profile is a NAND flash memory device. 
In yet another example, IO device 8 may use a memory 

transaction request that uses a logical address that maps to at 
least one target memory location which is associated with a 
device profile that includes a block size attribute value that is 30 

the smallest available from the other device profiles associ­
ated with a set of memory locations available for addressing 
by multi-profile memory controller 2. This transaction com­
mand detail may be desired if the data subject to the memory 
transaction request is random nature. In yet another further 35 

example, IO device 8 may use a memory transaction request 
that uses a logical address that maps to at least one target 
memory location that is associated with a device profile that 
includes a partial page size attribute value. This transaction 
command detail may be desired if the data subject to the 40 

memory transaction request is random in nature, and if the 
data size of the data subject to the write transaction is at most 
equal to the partial page size attribute value. The above 
examples are not intended to be limiting in any way. For 
instance, instead ofIO device 8, multi-profile memory con- 45 

trailer 2 includes program code or uses a memory map that 
determines or causes which target memory location is used to 
support a memory transaction for a particular data type. 

Referring now to FIG. 3, another embodiment of a multi­
profile memory controller 71 is illustrated. Multi-profile 50 

memory controller 71 includes an interface controller 72 that 
may be implemented using a set of memory bus controllers, 
such as memory bus controller 74 and 76, a main control 
device 78, an IO bus controller 80, communication paths 82 
and 84, and a control path 102. Communication path 82 55 

includes control paths 86 and 88, which are used by memory 
bus controllers 74 and 76 and main control device 78, respec­
tively, to assert commands and certain information on a 
memory device interface 92, such as the physical or actual 
address of a memory location targeted for a memory transac- 60 

tion, and commands supported by the memory devices, such 
as commands supported by ONFi compliant memory devices. 
For instance, a value of 70 h is a request for status from a 
memory device by a memory bus controller, while 80 h is 
commands a memory device to write the data asserted on an 65 

address line coupled to the memory device. In the embodi­
ment disclosed in FIG. 3, the commands, information, 

Each memory bus controller is disposed to access memory 
devices and to load the selected flash profile attributes as part 
of a memory read or memory write transaction. In accordance 
with one embodiment of the present invention, the memory 
devices in memory store 112 are grouped so that each of these 
memory devices are associated with only one memory bus 
controller, such as memory bus controller 74 or 76. Associ­
ating each memory device with only one memory bus con­
troller permits simultaneous memory device accesses that 
equal in number to the memory bus controllers used by inter­
face controller 72. In FIG. 3, interface controller 72 includes 
two (2) memory bus controllers but the number of memory 
bus controllers is not intended to be limiting in any way, and 
any number of memory bus controllers may be employed. For 
instance, (not illustrated), interface controller 72 may be dis­
posed with four (4) memory bus controllers, which permits 
each of these memory bus controllers to access collectively a 
maximum of four memory devices simultaneously. 

Communication path 84 couples interface controller 72 
with IO device interface 94, enabling main control device 78 
to receive status from IO device interface 94 via IO bus 
controller 80. Communication paths 96 and 98 enable main 
control device 78 to communicate with memory bus control­
lers 74 and 76, respectively, while communication path 100 
enables main control device 78 to communicate with IO bus 
controller 80. IO bus controller 80 functions as the controller 
for IO Device Interface 94, and enables main control device 
78 to receive status and request information from IO device 
interface 94 and to send commands to IO device interface 94. 

Control path 102 couples main control device 78 with data 
paths that are used by memory device interface 92 and IO 
device interface 94 to transfer data between each other, such 
as bidirectional data paths 104 and 106. Main control device 
78 uses control path 102 to associate data transferred on a 
bidirectional data path 104 or 106 with commands sent by a 
particular memory bus controller, such as memory bus con­
troller 74 or 76. Bidirectional data paths 104 or 106 may be 
implemented in to have substantially the same form and func­
tion as unidirectional data paths 56 and 58 previously dis­
cussed with respect to FIG. 1 above. In addition, although 
FIG. 3 illustrates two bidirectional data paths 104 and 106, 
any number of bidirectional data paths may be employed. 

Memory buses 108 and 110 couple memory device inter­
face 92 to at least two memory locations, such as memory 
locations in memory devices ( not shown) that form a memory 
store 112. These memory buses enable data to be read from or 
written to a memory device in memory store 112. The number 
of memory bus controllers used by interface controller 72 is 
not intended to be limiting in any way although in the example 
shown in FIG. 3, one memory bus controller may be used for 
each memory bus supported by multi-profile memory con­
troller 71. Interface controller 72, communication paths 82 
and 84, memory device interface 92, IO device interface 94, 
and control path 102 have substantially the same functionality 
as interface controller 52, communication paths 64 and 66, 
control path 103, and memory buses 60 and 62, respectively, 
disclosed above in FIG. 1. 
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Main control device 78 functions by receiving status from 
and by sending commands to memory control bus controllers 

12 
FIG. 4 illustrates a method of performing memory trans­

actions on memory locations that are associated with differ­
ent device profiles in accordance with yet another embodi­
ment of the present invention. For example, also shown in 

5 FIGS. 1 and 2B-2C, these memory locations may be in the 
form of memory locations 9 and 11, while these different 
device profiles may be in the form of device profiles 26 and 
38. In response to a memory transaction request, such as 
memory transaction request 6, a memory location is 

74 and 76, data paths 104 and 106 and IO bus controller 80. 
For example, after receiving a memory transaction request 
114 from a host 116 through IO device interface 94 via 
communication path 84; IO bus controller 80 acknowledges 
memory transaction request 114 and informs main control 
device 78 via communication path 100 that a new memory 
transaction request, such as memory transaction request 114, 
has been received. Interface controller 72 via main control 
device 78 interprets this memory transaction and performs the 
requested memory transaction. Main control device 78 per­
forms the requested memory transaction by using at least one 
memory bus controller, such as memory bus controllers 74 or 
76, to address, via memory device interface 92, a target 
memory location that is associated with a device profile, and 
that is located in or addressable in a memory device. The 
addressing of this memory location may be part of the 
memory read or write transaction indicated in memory trans­
action request 114. Main control device 78 interprets memory 20 

transaction request 114 by determining whether the memory 
transaction involves a memory read or a memory write trans­
action, and identifies an address from the memory transaction 
request. 

10 addressed 120. The addressing of this memory location may 
be addressed by a multi-profile memory controller, such as 
multi-profile memory controller 2. The addressing of this 
memory location may be part of a memory transaction indi­
cated in the memory transaction request. The multi-profile 

15 memory controller also uses 122 attributes from a device 
profile associated with the memory location. FIG. 5 illustrates 
a further embodiment of the method illustrated in FIG. 4. In 
response to another memory transaction request, the 
attributes from a device profile that is associated with another 
memory location and that is different from the device profile 
used in step 122 is also used 124 by multi-profile memory 
controller 2. For example, the block attribute value in device 
profile 12 is used by multi-profile memory controller 2 to 
perform another memory transaction. For example, multi­
profile memory controller 2 selects a transfer size that is equal 
to the block attribute value, and transfers the data subject to 
the memory transaction request. 

The methods shown in FIGS. 4 and 5 may be implemented 
by using the embodiments described herein, such as the 

30 embodiments discussed with respect to FIGS. 1 through 2C. 

In the embodiment shown, this identified address may be a 25 

logical address, which is translated by main control device 78 
into a physical address, which points the target memory loca­
tion. Interface controller 72 via main control device 78 also 
determines the command details necessary to cause the inter­
preted memory transaction to be performed by multi-profile 
memory controller 71 through its components. These com­
mand details include the memory device (not shown) in 
memory store 112 that is addressable by a multi-profile 
memory controller component, such as memory device inter­
face 92. Main control device 78 also determines the transfer 
sizes to use when causing a memory transaction to be per­
formed on the target memory device. 

In addition, these methods may also be saved onto a computer 
readable medium, such as flash memory, EEPROM memory, 
USB memory device (such as a USB flash drive or USB 
memory key), hard disk drive, and the like, which can be read 

35 and executed by a machine, such as by an electronic storage 
device that employs a multi-profile memory controller. For 
example in FIG. 6, electronic storage device 130 may be 
configured to access an EEPROM 132 on which at least one 
of the above methods is stored in a machine-readable form. In 

After identifying these command details, multi-profile 
memory controller 71 through main control device 78 obtains 
attributes from the device profile associated with the target 40 

memory location, and determines whether the target memory 
location is available by causing memory device interface 92 
to determine or monitor the status of the target memory 
device and to inform main control device 78 via control path 

this example, electronic storage device 130 is part of a com­
puter system 134 although this is not intended to be limiting 
in any way. For example, electronic storage device 130 may 
be disposed to be function as a stand-alone mass storage 
device, whether configured as a direct-attached, network-
attached storage (NAS), or storage area networking (SAN) 
device. In addition, the remaining components of computer 
system 134 is not illustrated to avoid overcomplicating the 
herein disclosure, and since a computer system that have the 
capability to access or use an electronic storage device is 
commonly known by those of ordinary skill in the art. 

While the present invention has been described in particu­
lar embodiments, it should be appreciated that the present 
invention should not be construed as limited by such embodi­
ments. Rather, the present invention should be construed 

86 or 88 when this target memory device is ready for a 45 

memory operation. If memory device interface 92 indicates 
that this memory device is ready, main control device 78 
performs the memory transaction by causing memory device 
interface 92 via a memory bus controller, such as 74 or 76, to 
perform a memory operation on the target memory location 50 

and target memory device in memory store 112. Main control 
device 78 also causes data to be transferred via at least one 
suitable bus or communication path, such as data paths 104 
and 106, to the target memory location and the target memory 
device from IO device interface 94 if the memory transaction 
request pertains to a memory write transaction, or from the 
target memory location and the target memory device to IO 
device interface 94 if the memory transaction request pertains 

55 according to the claims below. 

to a memory read transaction. In the example shown, main 
control device uses a control path 102 to manage data paths 60 

104 and 106. After memory device interface 92 performs the 
memory operation on a target memory location, it provides 
operation status to interface controller 72 via control path 90. 
Interface controller 72 via main control device 78, in 
response, sends a memory transaction status to IO device 65 

interface 94 via IO bus controller 80, which causes IO device 
interface 94 to send status to a host. 

We claim: 
1. A method of performing memory transactions on a set of 

memory locations that includes a first memory location and a 
second memory location, the method comprising: 

performing a memory transaction comprising addressing a 
first memory location in a first memory device in a 
memory store, said first memory location and a second 
memory location respectively associated with a first 
device profile and a second device profile, wherein said 
second memory location is in a second memory device 
in the memory store, wherein a memory read transaction 
or a memory write transaction is performed on at least 
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one of the first memory location or second memory 
location, wherein data is transferred to the first memory 
location or second memory location from a host for a 
memory write transaction, wherein data is transferred 
from the first memory location or second memory loca- 5 

tion to the host for a memory read transaction; 

9. The method of claim 5, wherein said shared attributes 
include a block size attribute, and said different attribute 
qualifiers include different block size values. 

10. The method of claim 5, wherein said shared attributes 
include a page size attribute and said different attribute quali­
fiers include different page size values. 

wherein said first device profile is optimal for a data type 
subject to the memory transaction, wherein said data 
type comprises one of a random data type or a sequential 
data type; 10 

11. The method of claim 5, wherein said shared attributes 
includes any one of the following memory device attributes: 
partial page size, page size, block size, memory protocol, and 
memory device type. 

said performing the memory transaction further compris­
ing identifying command details for causing the 
memory transaction to be performed, wherein said com­
mand details comprising the first memory device; 

said first device profile representing a first set of attributes 
of said first memory location, and said second device 
profile representing a second set of attributes of said 
second memory location, and a difference exists 
between said first and second device profiles; 

after identifying the command details, obtaining the first 
set of attributes; 

wherein each attribute in the first set of attributes and 
second set of attributes is associated with a respective 
attribute qualifier that qualifies a respective memory 
location; 

wherein the memory store is directly coupled to at least one 
memory bus and wherein the at least one memory bus is 
directly coupled to a controller, and wherein the control­
ler performs the memory read transaction and memory 
write transaction on the memory store; 

wherein the host is directly coupled to the controller by a 
communication path as the controller performs the 
memory read transaction or memory write transaction; 

wherein the first device profile and second device profile 
are each stored in the memory store; and 

using attributes from said first and second device profiles; 
and 

12. The method of claim 1, wherein said using attributes 
from said first and second device profile further includes 
using a first block size attribute from said first set of attributes 

15 
that differs in attribute value from a second block size 
attribute from said second set of attributes. 

13. The method of claim 1, wherein said using attributes 
from said first and second device profile further includes 
using a first page size attribute from said first set of attributes 

20 that differs in value from a second page size attribute from 
said second set of attributes. 

14. The method of claim 1, wherein said using attributes 
from said first and second device profile further includes 
using a first memory device interface attribute from said first 

25 set of attributes that differs from a second memory device 
interface attribute from said second set of attributes. 

15. The method of claim 14, where said first memory 
device interface attribute corresponds to a flash memory 
device, and said second memory device interface attribute 

30 corresponds to a DRAM device interface. 
16. The method of claim 2, wherein said using attributes 

from said first and second device profile further includes 
using a first partial page size attribute from said first set of 

35 
attributes that differs in value from a second partial page size 
attribute from said second set of attributes. 

17. The method of claim 16: 

selecting a transfer size for the memory transaction, 40 

wherein the transfer size is a function ofa data size of the 
memory transaction and the first set of attributes. 

said using a first partial page size attribute includes per­
forming a write operation on said first memory device by 
at least using a transfer size at least equal to a value of 
said first partial page size attribute; and 

further including using said second partial page size 
attribute by at least performing a write operation on said 
second memory device that includes using a transfer size 
at least equal to a value of said second partial page size 
attribute. 

2. The method of claim 1, wherein said first memory loca­
tion is located in a first memory device, and said second 
memory location is located in a second memory device. 

3. The method of claim 1, wherein said difference between 
said first and second device profiles includes different 
attributes; and said addressing said first memory location is 
made in response to a first memory transaction request; and 

45 

further including addressing said second memory location. 50 

4. The method of claim 1, wherein: 
said first and second device profiles have at least one set of 

shared attributes, and said difference between said first 
and second device profiles includes different attribute 
qualifiers for said set of shared attributes; and 

said using said attributes from said first and second device 
profiles further includes using said different attribute 
qualifiers for said shared attributes. 

55 

5. The method of claim 1, wherein said difference includes 
different attribute qualifiers for at least one set of shared 60 

attributes from said first and second device profiles. 
6. The method of claim 5, wherein said different attribute 

qualifiers include different attribute values. 
7. The method of claim 5, wherein said different attribute 

qualifiers include different attribute types. 
8. The method of claim 5, wherein said shared attributes 

include a memory device type attribute. 

65 

18. The method of claim 8, wherein said first memory 
device type attribute corresponds to a volatile memory dis­
posed to receive backup power from a portable power source. 

19. The method of claim 8, wherein said first memory 
device type attribute corresponds to a NAND flash memory 
device and said second memory device type attribute corre­
sponds to a NOR flash memory device. 

20. The method of claim 2, further including: 
using an address corresponding to a memory location from 

said first memory device and transferring a first data set, 
and 

using an address corresponding to a memory location from 
said second memory device and transferring a second 
data set. 

21. The method of claim 20, wherein: 
said first set of attributes includes a first page size attribute, 

and said first data set includes a first data set size; and 
if said first data set size is at most equal to said first page 

size attribute, said transferring said first data includes 
using a first transfer size equal to said first data set size. 
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22. The method of claim 20, wherein: 
said second set of attributes includes a second page size 

attribute, and said second data set includes a second data 
set size; and 

if said second data set size is greater than said second page 5 

size attribute, said transferring said second data set 
includes: 

performing a set of write operations on said second 
memory device that includes using a second transfer size 
equal to said second page size attribute until a remaining 10 

portion of said second data set that has not yet been 
written to said second device is less than said second 
page size attribute, and 

using a last transfer size equal to said remaining portion if 
said remaining portion is less than said page size. 

23. The method of claim 20, wherein: 
said first set of attributes includes a page size attribute and 

a block size attribute; 
said first data set includes a first data set size; 

15 

if said first data set has a first data set size greater than said 20 

page size attribute, said transferring of said first data set 
includes: 

performing a set of write operations on said first memory 
device that includes using a second transfer size equal to 
said page size attribute until a remaining portion of said 25 

first data set that has not yet been written to said first 
device is less than said page size attribute, 

16 
wherein said first device profile is optimal for a data type 

subject to the memory transaction, wherein said data 
type comprises one of a random data type or a sequential 
data type; 

said performing the memory transaction further compris­
ing identifying command details for causing the 
memory transaction to be performed, wherein said com­
mand details comprising the first memory device; 

said first device profile representing a first set of attributes 
of said first memory device, and said second device 
profile representing a second set of attributes of said 
second memory device, and a difference exists between 
said first and second device profiles; 

after identifying the command details, obtaining the first 
set of attributes; and 

using attributes from said first and second device profiles; 
and 

selecting a transfer size for the memory transaction, 
wherein the transfer size is a function ofa data size of the 
memory transaction and the first set of attributes. 

30. The computer readable medium of claim 29, wherein: 
said first memory location is part of a memory space asso­

ciated with a first memory device; 
said second memory location is part of a memory space 

associated with a second memory device; and 
said first and second memory devices comprise at least a 

portion of a memory store. using a last transfer size equal to said remaining portion if 
said remaining portion is less than said page size. 

24. The method of claim 1, wherein said using attributes 
from said first and second device profile further includes: 

31. The computer readable medium of claim 29, wherein at 
30 least one attribute of said attributes includes a block size and 

performing respective write operations on said first and 
second memory devices by at least using a transfer size 
at least equal to a partial page size attribute from said 
first set of attributes and performing at least one write 35 

operation on said second memory device by at least 
using a transfer size at least equal to a partial page size 
attribute value from said second set of attributes; and 

said difference includes a block size value of a first memory 
device and a block size value of a second memory device. 

32. The computer readable medium of claim 30, wherein at 
least one attribute of said attributes includes a block size and 
said difference includes a block size value of said first 
memory device and a block size value of said second memory 
device. 

said attribute difference includes different attribute values 
of said first and second partial page size attributes. 

25. The method of claim 1, wherein said using attributes 
from said first and second device profile further includes 
performing a write operation that uses a transfer size equal to 

33. The computer readable medium of claim 29, wherein 
40 said first memory location is located in a first memory device 

and said second memory location is located in a second 
memory device. 

a page size attribute value that corresponds to a page size 
attribute of said first memory device. 

34. The computer readable medium of claim 29, wherein 
said difference between said first and second device profiles 

45 includes different attributes. 
26. The method of claim 1, wherein said using attributes 

from said first and second device profile further includes 
performing a write operation that uses a transfer size equal to 
a block size attribute value that corresponds to a block size 
attribute of said first memory device. 

27. The method of claim 26, wherein said using attributes 
from said first and second device profile further includes 
performing a write operation that uses a transfer size equal to 
a multiple of said block size attribute value. 

50 

28. The method of claim 2, wherein said using attributes 55 

from said first and second device profile further includes 
performing a write operation that uses a transfer size equal to 
a multiple of said block size attribute value. 

29. A non-transitory computer readable medium compris­
ing computer executable instructions adapted to cause a 60 

method of performing memory transactions on a first memory 
location and a second memory location, said method com­
prising: 

performing a memory transaction comprising addressing a 
first memory location, said first memory location and a 65 

second memory location are respectively associated 
with a first device profile and a second device profile; 

35. The computer readable medium of claim 29, wherein 
said addressing further includes: 

said first and second device profiles having at least one set 
of shared attributes, and said difference between said 
first and second device profiles includes different 
attribute qualifiers for said set of shared attributes; and 

said using said attributes from said first and second device 
profiles includes using said different attribute qualifiers 
for said shared attributes. 

36. The computer readable medium of claim 29, wherein 
said difference includes different attribute qualifiers for at 
least one set of shared attributes from said first and second 
device profiles. 

37. The computer readable medium of claim 36, wherein 
said different attribute qualifiers include different attribute 
values. 

38. The computer readable medium of claim 36, wherein 
said different attribute qualifiers include different attribute 
types. 

39. The computer readable medium of claim 36, wherein 
said shared attributes include a memory device type attribute. 
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40. The computer readable medium of claim 36, wherein 
said shared attributes include a block size attribute, and said 
different attribute qualifiers include different block size val-
ues. 

41. The computer readable medium of claim 36, wherein 
said shared attributes include a page size attribute and said 
different attribute qualifiers include different page size val­
ues. 

said use of said attributes from said first and second device 
profiles by said means for addressing includes using said 
different attribute qualifiers for said shared attributes. 

49. The memory controller of claim 46, wherein said at 
5 least one attribute includes a block size and said difference 

includes a block size value of said first memory device and a 
block size value of said second memory device. 

42. The computer readable medium of claim 36, wherein 
said shared attributes includes any one of the following 
memory device attributes: partial page size, page size, block 
size, memory protocol, and memory device type. 

50. The memory controller of claim 45, wherein said 
means for addressing further includes a means for addressing 

10 said second memory location. 
51. The memory controller of claim 45, wherein said dif­

ference includes different attribute qualifiers for at least one 
set of shared attributes from said first and second device 
profiles. 43. The computer readable medium of claim 36, wherein 

said shared attributes are memory device type attributes. 
44. The computer readable medium of claim 43, wherein 

said memory device type attributes each correspond to a 
non-volatile memory device. 

45. A memory controller for performing memory transac­
tions, said memory controller comprising: 

means for performing a memory transaction comprising a 
means for addressing a first memory location, said first 
memory location and a second memory location are 
respectively associated with a first device profile and a 
second device profile; 

said means for addressing is directly coupled to the first 
memory location and second memory location; 

15 52. The memory controller of claim 51, wherein said dif­
ferent attribute qualifiers include different attribute values. 

53. The memory controller of claim 51, wherein said dif­
ferent attribute qualifiers include different attribute types. 

54. The memory controller of claim 51, wherein said 
20 shared attributes include a memory device type attribute. 

55. The memory controller of claim 51, wherein said 
shared attributes include a block size attribute, and said dif­
ferent attribute qualifiers include different block size values. 

56. The memory controller of claim 51, wherein said 
25 shared attributes include a page size attribute and said differ­

ent attribute qualifiers include different page size values. 

wherein said means for addressing includes an interface 
controller means for processing memory transaction 
requests; 

57. The memory controller of claim 51, wherein said 
shared attributes includes any one of the following memory 
device attributes: partial page size, page size, block size, 

30 memory protocol, and memory device type. 
said means for addressing is directly coupled to a host as 

said means for addressing addresses the first memory 
location or second memory location; 

wherein said first device profile is optimal for a data type 
subject to the memory transaction, wherein said data 35 

type comprises one of a random data type or a sequential 
data type; 

said performing the memory transaction further compris­
ing identifying command details for causing the 
memory transaction to be performed, wherein said com- 40 

mand details comprising the first memory device; 
said first device profile representing a first set of attributes 

of said first memory location, and said second device 
profile representing a second set of attributes of said 
second memory location, and a difference exists 45 

between said first and second device profiles; 
said means for addressing obtains the first set of attributes 

after identifying the command details; and 
said means for addressing uses attributes from said first and 

second device profiles and selects a transfer size for the 50 

memory transaction, wherein the transfer size is a func­
tion of a data size of the memory transaction and the first 
set of attributes. 

46. The memory controller of claim 45, wherein said first 
memory location is located in a first memory device and said 55 

second memory location is located in a second memory 
device. 

47. The memory controller of claim 46, wherein said using 
attributes from said first and second device profile further 
includes using a first block size attribute from said first set of 60 

attributes that differs in attribute value from a second block 
size attribute from said second set of attributes. 

48. The memory controller of claim 46, wherein: 
said first and second device profiles have at least one set of 

shared attributes, and said difference between said first 65 

and second device profiles includes different attribute 
qualifiers for said set of shared attributes; and 

58. The memory controller of claim 57, wherein said 
memory device type attributes each correspond to a non­
volatile memory device. 

59. A memory controller comprising: 
an interface controller coupled to a memory device inter­

face and an input/output (IO) device interface; 
a memory store; 
wherein the memory device interface is directly coupled to 

the memory store; 
said interface controller disposed to perform a memory 

transaction by addressing a first memory location in the 
memory store, said first memory location and a second 
memory location respectively associated with a first 
device profile and a second device profile; 

wherein said first device profile is optimal for a data type 
subject to the memory transaction, wherein said data 
type comprises one of a random data type or a sequential 
data type; 

said interface controller identifies command details for 
causing the memory transaction to be performed, 
wherein said command details comprising the first 
memory device; 

said device profile representing a first set of attributes of 
said first memory location, and said second device pro­
file representing a second set of attributes of said second 
memory location, and a difference exists between said 
first and second device profiles; 

said interface controller obtaining the first set of attributes 
after identifying the command details; and 

said addressing of said first memory location includes 
using said attributes from said first device profile; and 

said addressing of said first memory location includes 
selecting a transfer size for the memory transaction, 
wherein the transfer size is a function ofa data size of the 
memory transaction and the first set of attributes. 

60. The memory controller of claim 59, wherein said inter­
face controller is further disposed to perform another memory 
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attributes, said shared attributes including any one of a partial 
page size, page size, block size, memory protocol, and 
memory device type. 

transaction by addressing said second memory location by at 
least using said attributes from said second device profile. 

61. The memory controller of claim 59, wherein said inter­
face controller includes: 

a main control device coupled to said memory device inter­
face and to a data path; 

a first memory bus controller coupled to said control device 
and said memory device interface; and 

an IO bus controller coupled to said IO device interface and 
said control device. 

62. The memory controller of claim 61, wherein said IO 
bus controller is disposed to respond to a memory transaction 
request by acknowledging said request and providing status 

76. The memory controller of claim 71, wherein said dif-
5 ferent attribute qualifiers include different attribute values. 

77. The memory controller of claim 71, wherein said dif­
ferent attribute qualifiers include different attribute types. 

78. The memory controller of claim 71, wherein said 
shared attributes include a block size attribute, and said dif­

lO ferent attribute qualifiers include different block size values. 
79. The memory controller of claim 71, wherein said 

shared attributes include a page size attribute and said differ­
ent attribute qualifiers include different page size values. 

to said main control device. 
15 

63. The memory controller of claim 62, wherein said inter­
face controller interprets command details associated with 
said memory transaction, coordinates the operation of said 
memory device interface, and manages the transfer of 
memory transaction data between said IO device interface 20 

and said memory device interface through a data path. 
64. The memory controller of claim 59, further including a 

buffer comprising a FIFO and a data path that includes a 
plurality of queue slots, including a first set of queue slots that 
buffer data from said IO device interface to said memory 25 

device interface, a second set of queue slots that buffer data 
from said memory device interface to said IO device inter­
face. 

65. The memory controller of claim 59, further including a 
data path that includes a buffer having a plurality of queue 30 

slots. 
66. The memory controller of claim 65, wherein said buffer 

is a FIFO and said data path includes a plurality of queue slots 
that buffer data from said IO device interface to said memory 
device interface. 

67. The memory controller of claim 66, further including 
another data path that includes a second buffer having a 
plurality of queue slots that buffer data from said memory 
device interface to said IO device interface. 

35 

68. The memory controller of claim 59, further including a 40 

second memory bus controller coupled to a main control 
device and said memory device interface. 

69. The memory controller of claim 59, wherein said dif­
ference between said first and second device profiles includes 
different attributes. 

70. The memory controller of claim 59, wherein: 
said first and second device profiles have at least one set of 

shared attributes, and said difference between said first 
and second device profiles includes different attribute 
qualifiers for said set of shared attributes; and 

said using said attributes from said first and second device 
profiles includes using said different attribute qualifiers 
for said shared attributes. 

45 

50 

80. An electronic storage device, comprising: 
a memory controller directly coupled to and disposed to 

address a first memory location and a second memory 
location which are respectively associated with a first 
device profile and a second device profile; 

said memory controller directly coupled to a host as said 
memory controller addresses the first memory location 
or second memory location; 

wherein said first device profile is optimal for a data type 
subject to a memory transaction, wherein said data type 
comprises one of a random data type or a sequential data 
type; 

said memory controller identifies command details for 
causing the memory transaction to be performed, 
wherein said command details comprising the first 
memory device; 

said first device profile representing a first set of attributes 
of said first memory location, and said second device 
profile representing a second set of attributes of said 
second memory location, and a difference exists 
between said first and second device profiles; 

said memory controller obtaining the first set of attributes 
after identifying the command details; and 

said memory controller using attributes from said first and 
second device profiles; and 

said memory controller selecting a transfer size for the 
memory transaction, wherein the transfer size is a func­
tion of a data size of the memory transaction and the first 
set of attributes. 

81. The electronic storage device of claim 80, wherein said 
memory controller is further disposed to use a first block size 
attribute from said first set of attributes that differs in attribute 
value from a second block size attribute from said second set 
of attributes. 

82. The electronic storage device of claim 80, wherein said 
first memory location is located in a first memory device and 
said second memory location is located in a second memory 
device. 

71. The memory controller of claim 59, wherein said dif­
ference includes different attribute qualifiers for at least one 
set of shared attributes from said first and second device 
profiles. 

55 
83. The electronic storage device of claim 80, said memory 

controller further disposed to: 

72. The memory controller of claim 71, wherein said 
shared attributes includes a memory device type attribute. 

73. The memory controller of claim 71, wherein said 60 

shared attributes includes a block size and said difference 
includes block size values. 

74. The memory controller of claim 71, wherein said 
shared attributes includes a page size and said difference 
includes page size values. 

75. The memory controller of claim 71, wherein said dif­
ference includes different attribute values for said shared 

65 

perform a write operation on said first memory device, if a 
memory transaction request is associated with a write 
request; 

perform a read operation on said first memory device, if 
said memory transaction request is associated with a 
read request; and 

wherein said using said first and second device profiles 
includes using said first device profile in response to a 
first memory transaction request, and using said second 
device profile in response to receiving a second memory 
transaction request. 

Case 6:22-cv-00335-ADA   Document 44-13   Filed 12/16/22   Page 17 of 18

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



US 9,135,190 Bl 
21 

84. The electronic storage device of claim 80, wherein said 
difference includes different attribute qualifiers for at least 
one set of shared attributes from said first and second device 
profiles. 

85. The electronic storage device of claim 84, wherein said 5 

different attribute qualifiers include different attribute values. 
86. The electronic storage device of claim 84, wherein said 

shared attributes include a memory device type attribute. 
87. The electronic storage device of claim 84, wherein said 

different attribute qualifiers include different attribute types. 10 

88. The electronic storage device of claim 87, wherein said 
memory controller using different attributes includes using 
said different attribute qualifiers for said shared attributes. 

89. The electronic storage device of claim 87, wherein said 
memory device type attributes each correspond to a non-
volatile memory device. 

90. The electronic storage device of claim 84, wherein said 
shared attributes include a block size attribute, and said dif­
ferent attribute qualifiers include different block size values. 

91. The electronic storage device of claim 84, wherein said 
shared attributes include a page size attribute and said differ­
ent attribute qualifiers include different page size values. 

15 

20 

92. The electronic storage device of claim 84, wherein said 
shared attributes includes any one of the following memory 25 
device attributes: partial page size, page size, block size, 
memory protocol, and memory device type. 

93. The electronic storage device of claim 80, wherein said 
memory controller is further adapted to: 

use a first partial page size attribute by performing a write 30 
operation on said first memory device and using a trans-
fer size at least equal to said partial page size attribute; 
and 

use a second partial page size attribute by performing a 
write operation on said second memory device and using 35 
a transfer size at least equal to said second partial page 
size attribute. 

94. The method of claim 1, wherein the first memory loca­
tion and the second memory location are addressable memory 
locations. 

95. The memory controller of claim 45, wherein the first 
memory location and the second memory location are addres­
sable memory locations. 

96. The memory controller of claim 59, wherein the first 
memory location and the second memory location are addres-
sable memory locations. 

97. The electronic device of claim 80, wherein the first 
memory location and the second memory location are addres­
sable memory locations. 

40 

45 

98. An electronic storage device, comprising: a memory 50 
controller directly coupled to and disposed to address a first 
memory location and a second memory location which are 
respectively associated with a first device profile and a second 
device profile; 

wherein the memory controller is directly coupled to a host 55 
as the memory controller addresses the first memory 
location or the second memory location; 

wherein said first device profile is optimal for a data type 
subject to a memory transaction, wherein said data type 
comprises one of a random data type or a sequential data 
type; 60 

said memory controller identifies command details for 
causing the memory transaction to be performed, 
wherein said command details comprising the first 
memory device; 

22 
the first device profile representing a first set of attributes of 

the first memory location, and the second device profile 
representing a second set of attributes of the second 
memory location; 

said memory controller obtaining the first set of attributes 
after identifying the command details; and 

wherein said memory controller uses attributes from the 
first and second device profiles; 

wherein said memory controller selecting a transfer size 
for the memory transaction, wherein the transfer size is 
a function of a data size of the memory transaction and 
the first set of attributes. 

99. The electronic devices of claim 98, wherein the 
memory controller comprises: 

an interface controller; 
a memory device interface directly coupled to the first 

memory location and to the second memory location and 
coupled to the interface controller; 

an input/output (IO) device interface coupled to the inter­
face controller and directly coupled to the host as the 
memory controller addresses the first memory location 
or the second memory location. 

100. A method for performing memory transactions, the 
method comprising: 

performing a memory transaction comprising addressing a 
first memory location in a first memory device in a 
memory store, the first memory location and a second 
memory location respectively associated with a first 
device profile and a second device profile; 

wherein said first device profile is optimal for a data type 
subject to the memory transaction, wherein said data 
type comprises one of a random data type or a sequential 
data type; 

said performing the memory transaction further compris­
ing identifying command details for causing the 
memory transaction to be performed, wherein said com­
mand details comprising the first memory device; 

the first device profile representing a first set of attributes of 
the first memory location, and the second device profile 
representing a second set of attributes of the second 
memory location; 

after identifying the command details, obtaining the first 
set of attributes; 

wherein the memory store is directly coupled to a memory 
controller, and wherein the memory controller performs 
a memory transaction; 

wherein a host is directly coupled to the memory controller 
as the memory controller performs the memory transac­
tion; and 

using attributes from the first and second device profiles; 
and 

selecting a transfer size for the memory transaction, 
wherein the transfer size is a function ofa data size of the 
memory transaction and the first set of attributes. 

101. The method of claim 100, wherein the memory con­
troller comprises: 

an interface controller; 
a memory device interface directly coupled to the first 

memory location and to the second memory location and 
coupled to the interface controller; 

an input/output (IO) device interface coupled to the inter­
face controller and directly coupled to the host as the 
memory controller addresses the first memory location 
or the second memory location. 

* * * * * 
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(57) ABSTRACT 

A mechanism of booting up a system directly from a storage 
device and a means of initializing an embedded system prior 
to activating a CPU is presented. The said system is com­
prised of one or more CPUs, a reset controller, a storage 
device controller, one or more direct memory access con­
trollers, a RAM and its controller, a ROM and its controller, 
a debug interface and a power-on reset (POR) sequencer. 
The POR sequencer controls the overall boot process of the 
embedded system. Said sequencer uses descriptors (POR 
Sequencer descriptors) which are used to update the con­
figuration registers of the system and to enable CPU­
independent data transfers with the use of DMA controllers. 
Using a minimal amount of non-volatile memory for booting 
up a system brings down costs associated with increased 
silicon real estate area and power consumption. Capability 
of pre-initializing the system even before a CPU is brought 
out of reset provides flexibility and system robustness. 
Through the use of the Power-On Reset Sequencer module, 
integrity of program code and user data used in the boot up 
process can be verified thus providing a resilient boot up 
sequence. 
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COPYING OF POWER-ON RESET 
SEQUENCER DESCRIPTOR FROM 

NONVOLATILE MEMORY TO RANDOM 
ACCESS MEMORY 

CROSS-REFERENCE(S) TO RELATED 
APPLICATIONS 

This application claims the benefit of and priority to U.S. 

2 
When the transfer of the boot code loader to the RAM 103 
is completed the internal Central Processing Unit 101 of the 
controller chip is taken out of reset to read and execute the 
boot code loader in the RAM 103. The boot code loader 

5 performs initialization of the system, power-on self tests, 
and copies a much larger control program or application 
firmware from flash block mass storage 106 to the RAM 
103. 

SUMMARY Provisional Application 61/801,952, filed 15 Mar. 2013. 10 

This U.S. Provisional Application 61/801,952 is hereby fully 
incorporated herein by reference. The invention that is described in this document makes 

use of a minimum amount of non-volatile memory in order 
to boot an embedded system. Reduction in size of the 

15 nonvolatile memory brings about an advantage in terms of 
cost and complexity. The invention also allows the system to 
verify the integrity of data and code used in the boot process. 

BACKGROUND 

Field 
The present invention relates generally to computers 

having a single or multiple Central Processing Units (CPU), 
and more particularly, to a method and device for booting 
such a system directly from a storage device. 

Description of Related Art 
An embedded system refers to an apparatus that is made 

up of a single or multiple controller chips interconnected to 
each other on a printed circuit board. A controller chip can 
have one or more central processing unit (CPU) that enables 
it to interpret and execute code. When an embedded system 
has more than one processor it is already called a multipro­
cessor system. The term embedded system will be used to 
refer to a single CPU or a multiprocessor system in this 
paper. 

A conventional embedded system contains a nonvolatile 
memory which is used to store firmware that is read and 
executed by a CPU to initialize the system. The nonvolatile 
memory can be a read-only memory (ROM), one-time 
programmable memory (OTP), progranmiable read only 
memory (PROM), electrically erasable PROM (EEPROM), 
or a flash PROM (FPROM). The nonvolatile memory can be 
internal (on-chip) or external (off-chip) to the controller 
chip. The firmware stored in the nonvolatile memory can be 
a boot code loader, a basic input/output system (BIOS), an 
operating system (OS), or an application firmware. The boot 
code loader is a small code executed by a CPU to do 
minimum initialization of the system. After initialization, the 
boot code loader copies the BIOS or OS or application 
firmware from a mass storage device external to the embed­
ded system to the random access memory (RAM) of the 
system. When the BIOS or OS or application firmware is 
already loaded in the RAM, the CPU reads and executes it 

In some cases, the configuration registers of an embedded 
system may need to be initialized even before any of the 

20 CPU of the system is brought out of reset to begin execution 
of the system firmware. The invention presented in this 
paper will also address this issue of pre-initialization. 

The present invention provides a mechanism for booting 
up a system using a minimum amount of nonvolatile 

25 memory. This method also enables the embedded system to 
initialize all configuration registers even before any of the 
CPUs of the system is brought out of reset. The embedded 
system consists of multiple controller chips or a single 
controller chip. The embedded system can have a single or 

30 multiple central processing units. 
The present invention comprises of at least one Central 

Processing Unit (CPU) which reads and executes firmware; 
a random access memory (RAM) which is used to tempo­
rarily store firmware; a memory controller which provides 

35 interface to the RAM; a Reset Controller which maintains 
the reset states of all the devices of the embedded system; a 
Power-On Reset Sequencer which controls the overall boot 
process of the embedded system; nonvolatile memory and 
controller used to store data used by the Power-On Reset 

40 Sequencer in the boot process; at least one direct memory 
access (DMA) controller which initiates and tracks data 
transfers; a storage device controller which provides inter­
face to the storage device; a CPU bus which interconnects 
the devices of the system; and a storage device which is used 

45 to store system firmware; a debug interface used to pre­
program the nonvolatile memory and storage device with 
data and code. 

The present invention describes the structure of the 
Power-On Reset (POR) Sequencer and its operation. The 
POR Sequencer makes use of a POR Sequencer Descriptor 
which is a preassembled descriptor that is stored in a 
nonvolatile memory of the system. The POR Sequencer 
descriptor contains register information and direct memory 
access (DMA) controller descriptors. The register informa-

to do exhaustive initialization and diagnostics before pro­
ceeding to normal system operation. A mass storage device 50 

can be a rotating disk drive or a solid-state drive which is 
made up of FPROM devices. Though nonvolatile memory 
size can be reduced due to a small boot code loader, the boot 
code loader doesn't have the ability to self check its integ­
rity. 55 tion are read and used by the POR Sequencer to update the 

configuration registers of the system. The D MA descriptors 
are loaded by the POR Sequencer to the DMA controllers of 
the system. The POR Sequencer facilitates the boot process 

In an invention described in US Patent Application Pub­
lication number US 2005/0120146 Al, Jun. 2 2005, an 
embedded system in FIG. 1 that does not have an on-chip 
nonvolatile memory such as a read only memory directly 
boots from flash block mass storage 106. The flash block 60 

mass storage 106 is a collection of flash chips interfaced to 
the flash memory controller 105. The apparatus makes use of 
a Flash Progranmiing Engine, embedded within a Flash 
memory controller 105, the first device that is taken out of 
reset, to program a Direct Memory Access controller 104 to 65 

transfer a boot code loader from flash block mass storage 
106 to an internal Random Access Memory (RAM) 103. 

and takes care of verifying the integrity of loaded data and 
code in the RAM. 

The POR Sequencer Descriptor of the current invention is 
not limited to a single data structure. A linked-list of data 
structures is presented to increase the amount of register 
information and DMA descriptors available for processing 
by the POR Sequencer. 

The present invention also provides a method of copying 
POR Sequencer Descriptor from nonvolatile memory to the 
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RAM and verifying its integrity; a method of initializing the 
configuration registers by the POR Sequencer; a method of 
copying the system firmware from the storage device to the 
RAM; and a method of releasing the CPUs of the system 
from reset. 5 

Initially, the system's nonvolatile memory and storage 
device contain nothing. When the system is powered up, no 
boot process occurs but the debug interface and a CPU are 
released from reset. The system integrator loads a program 
to the RAM via the debug interface. The program contains 10 

code to burn the POR Sequencer Descriptor in nonvolatile 
memory and to save a copy of the System Firmware in the 
storage device. 

The method of copying POR Sequencer Descriptor from 
nonvolatile memory to RAM starts when the supply voltage 15 

of the system becomes stable after power-up. Then the Reset 
Controller, the POR Sequencer, the CPU Bus, the memory 
controllers, the DMA controllers, and the storage device 
controllers are released from reset. Then the POR Sequencer 
detects the presence of the POR Sequencer Descriptor in the 20 

nonvolatile memory. If the POR Sequencer Descriptor is not 
detected, then the debug interface and a CPU of the system 
are released from reset. If the POR Sequencer Descriptor is 
detected, then the POR Sequencer copies the POR 
Sequencer Descriptor from nonvolatile memory to RAM. 25 

This step ends after the verification of the copied POR 
Sequencer Descriptor to the RAM completed without error. 

The method of initializing the configuration registers of 
the system starts when the first register information of the 
POR Sequencer Descriptor is read. Then the register indi- 30 

cated by the register information is updated with a new set 
of configuration. This sequence is repeated until the last 
register information of the POR Sequencer Descriptor is 
read and processed. Then the step proceeds to the processing 
of the DMA descriptor. The type of the DMA descriptor is 35 

identified by the POR Sequencer. If the DMA descriptor 
points to another set of register information then the DMA 
transfer will update the register information and DMA 
descriptor spaces of the current POR Sequence Descriptor in 
the RAM. If the DMA descriptor points to a system firmware 40 

fragment then this step is ended and the sequence proceeds 
to the next method. 

The next method is the step where the system firmware 
stored in the external storage device is copied to the RAM 
of the embedded system. The system firmware can be a boot 45 

code loader, a BIOS, an operating system, or a plain appli­
cation firmware. This step starts when the POR Sequencer 
identifies that the DMA descriptor points to a system firm­
ware fragment. The POR Sequencer loads the DMA or 
DMAs with the DMA Descriptors that will copy the system 50 

firmware fragments to the RAM. The POR Sequencer waits 
for completion signals from all DMA controllers that have 
been loaded with DMA descriptors before proceeding in the 
process flow. If the last DMA descriptor of the current POR 
Sequencer Descriptor points to another set ofDMA Descrip- 55 

tors then another set of system firmware fragments must be 
copied from the storage devices to the RAM. If the last 
DMA descriptor of the current POR Sequencer Descriptor 
points to the last system firmware fragment then this step 
ends. The storage device refers to a single storage device or 60 

a plurality of storage devices of the same type. 
The last step is the release of the CPUs of the embedded 

system from reset. When the system has a single CPU, after 
the system firmware is loaded in the RAM, the POR 
Sequencer configures the reset controller to release the CPU 65 

from reset. Then the CPU starts reading and executing the 
system firmware. In a multi-CPU system, a CPU is released 

4 
from reset. Then, the CPU reads and executes the system 
firmware in the RAM. The system firmware will have 
instructions to sequence the release of the other CPUs from 
reset either one at a time or simultaneously. 

BRIEF DESCRIPTION OF DRAWINGS 

So that the mamier in which the above recited features, 
advantages and objects of the present invention are attained 
and can be understood in detail, a more particular descrip­
tion of the invention, briefly summarized above, may be had 
by reference to the embodiments thereof which are illus­
trated in the appended drawings. 

It is to be noted, however, that the appended drawings 
illustrate only typical embodiments of this invention and are 
therefore not to be considered limiting of its scope, for the 
present invention may admit to other equally effective 
embodiments. 

FIG. 1 shows a prior art embedded system that imple­
ments a mechanism to directly boot from flash block mass 
storage. 

FIG. 2 is a block diagram of an embedded system with a 
power-on reset sequencer that manages the initialization and 
boot up of the system. 

FIG. 3 is a block diagram which presents the internal 
organization of the power-on reset sequencer and its inter­
connection to the RAM via a memory controller. 

FIG. 4 shows the structure of the power-on reset 
sequencer descriptor. 

FIG. 5 illustrates a linked-list data structure of the power­
on reset sequencer descriptor. 

FIG. 6 is a flow chart of the sequence used in copying the 
power-on reset sequencer descriptor from nonvolatile 
memory to the RAM. 

FIG. 7 is a flow chart of the sequence used in the register 
initialization phase of the power-on reset sequencer. 

FIG. 8 is a flow chart of the sequence used in copying the 
system firmware from the storage device to the RAM. 

FIG. 9 is a flow chart of the sequence used in releasing the 
CPUs of the embedded system from their reset states. 

DETAILED DESCRIPTION 

The present invention relates a method and device for 
booting up a system from a storage device and further relates 
a method for enabling a system to initialize all configuration 
registers even before any of the CPUs of the system is 
brought out of reset. 

FIG. 2 is a block diagram showing a typical embodiment 
of the present invention. The figure shows an embedded 
system 200 comprising a CPU bus 202 interconnecting a 
single CPU 201 or a plurality of CPUs 201, a single DMA 
controller 203 or a plurality of DMA controllers 203, a reset 
controller 206, a power-on reset (POR) sequencer 207, a 
RAM controller 205, a nonvolatile memory controller 214, 
a storage device controller 204, and a debug interface 216. 
Also comprising the system is an internal RAM 208, a small 
nonvolatile memory 215 and a storage device 209. A storage 
device type may be a mechanical disk drive, a mobile flash 
drive, or a solid-state drive. 

The storage device controller 204 controls the storage 
device or devices 209 connected to it. A storage device or a 
plurality of storage devices 209 are connected to the storage 
device controller 204 via an IO bus 210 for the case of 
interface standards such as IDE/ATA, Serial ATA, SCSI/ 
SAS, PCI/PCI-X, USB, Firewire, Bluetooth, Fibre Channel 
and PCI Express. For a solid-state drive, a flash bus is used 
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to connect to the storage device controller 204 which also 
called a flash controller. The reset controller 206 handles the 
reset states of all the devices in the system. One or a plurality 
of DMA controllers 203 initiates and tracks data transfers. 
The storage device controller 204 provides interface to the 
storage device 209. The storage device 209 is used to store 
system firmware 211 or a fragment of the system firmware 
211. When the POR sequencer descriptor exceeds the space 
of the nonvolatile memory, the descriptor is divided into 
fragments 212, 213 and distributed across the nonvolatile 
memory 215 and storage devices 209. 

6 
304. Through the use of POR sequencer state machine 301, 
memory controller port interface 302, and bus master inter­
face 303 the POR sequencer 300 is able to do the following 
tasks: transfer of DMA controller descriptor to the DMA 

5 controller's configuration register space, activation of the 
DMA controller, initialization of configuration registers, and 
copy of data from storage device or nonvolatile memory to 
the RAM. 

The multi-port memory controller 308 has several port 
10 interfaces. Port 1 interface 305 provides devices on the CPU 

bus 304 access to the RAM 311. Port 2 interface 307 
The multi-port memory controller 205 interfaces the 

RAM 208 to the CPU bus 202 and to the POR sequencer 
207. The POR sequencer 207 processes the POR sequencer 
descriptor which contains information to initialize configu- 15 

ration registers of the system and DMA descriptors used to 
fetch other POR sequencer descriptor fragments 213 and the 
system firmware 211. The POR sequencer 207 takes care of 
loading the system firmware to the RAM and verifying its 
integrity. After the system firmware has been loaded in the 20 

RAM and the system's configuration registers pre-initial­
ized, the POR sequencer sequences the release of the CPUs 
from their reset states. 

provides the POR sequencer 300 access to the RAM 311. 
The data path multiplexers 309 route the read and write 
requests from the POR sequencer 300 and the CPU bus 304 
to the RAM 311. The controller 310 manages how the data 
path multiplexers 309 behave in response to the read and 
write requests received from the POR sequencer 300 and 
CPU bus 304. 

FIG. 4 shows the POR sequencer descriptor format. The 
POR sequencer descriptor is comprised of the register 
information space 401, the DMA descriptor space 403, and 
an optional POR sequencer descriptor checksum 407. The 
register information space consists of controller core register 
information 402 used by the POR sequencer to update the 
configuration registers of the system. The DMA descriptor 
space 403 on the other hand consists of the POR sequencer 
DMA descriptors' control information 404 and one or more 
DMA controller descriptors 406. The DMA controller 
descriptors 406 are loaded by the POR Sequencer to the 
DMA controller's configuration register space. The POR 
sequencer DMA descriptors' control information 404 con-
tains information about the DMA controller descriptors 406 
of the current POR sequencer descriptor. 

When the POR sequencer descriptor doesn't fit in the 

The nonvolatile memory 215 with its controller 214 is 
used to store the head of the POR sequencer descriptor 212 25 

used by the POR sequencer 207 in the boot process. Initially, 
the system's nonvolatile memory and storage devices 
attached to the system are empty. When the system is 
powered up the boot process exits to emulation mode since 
there are no POR sequencer descriptor to process and no 30 

system firmware to load and execute in memory. The system 
integrator which writes program for the system loads a 
firmware to the RAM of the system via the debug interface 
216. The firmware loaded in the RAM has a routine that 
writes the POR sequencer descriptor and system firmware to 
the nonvolatile memory 215 and storage devices 209 
attached to the system. After the POR sequencer descriptor 
and system firmware has been written to the nonvolatile 
memory and storage devices, the next time the system is 
powered up, the system doesn't exit to emulation mode 
instead it continues with the boot process until all CPUs 201 

35 nonvolatile memory of the system, the descriptor is divided 
into fragments and distributed across the nonvolatile 
memory and storage devices attached to the system. FIG. 5 
gives us an illustration of a fragmented POR sequencer 
descriptor. POR sequencer descriptor fragment O 501 is 

40 stored in the nonvolatile memory. Fragment O comprises of 
register information space 505, DMA descriptor space 503, 
and POR sequencer descriptor checksum 504. The DMA 
descriptor space 503 is composed of DMA controller 
descriptors Oto P. The last DMA controller descriptor 506 of 

of the system are released from their reset states. 
FIG. 3 is a schematic diagram that illustrates the structure 

and interconnection between the POR sequencer 300 and the 
multi-port memory controller 308. For the POR sequencer 
300, data and control signals to and from the CPU bus 304 
is managed by the bus master interface 303 while control 
signals to and from the RAM 311 is managed by the memory 
controller port interface 302. The POR sequencer state 
machine 301 utilizes the bus master interface 303 to perform 
data transfer to and from the CPU bus and the memory 
controller port interface 302 to do data transfer to and from 
the RAM 311. The POR sequencer 300 combines the use of 
the bus master interface 303 and the memory controller port 
interface 302 in order to control transfers to and from the 
RAM 311. 

The POR sequencer 300 transfers the POR sequencer 
descriptor from the nonvolatile memory or from the storage 
device to the RAM 311 before it is processed. When the 
POR sequencer descriptor is already loaded in the RAM 311, 
the POR sequencer state machine reads a part of the descrip­
tor from RAM to parse and interpret. Depending on the 
content of the part of the POR sequencer descriptor, the POR 
sequencer state machine decides whether to get another part 
of the descriptor from RAM, transfer data from RAM to a 
device mapped on the CPU bus 304, or to write data that it 
generated to the RAM or to a device mapped on the CPU bus 

45 the POR sequencer descriptor fragment 501, 502 points to 
the next POR sequencer descriptor fragment 502. POR 
sequencer fragment 1 to N 502 have only two parts, the 
register information space 505 and DMA descriptor space 
503 in contrast to POR sequencer descriptor fragment O 501 

50 which is made up of three parts. The POR sequencer 
descriptor fragment 501 or 502 may or may not have a 
register information space 505. The last DMA controller 
descriptor 507 of the last POR sequencer descriptor frag­
ment points to the last fragment of the system firmware in 

55 the storage device. 
FIG. 6 is a flowchart showing the process of transferring 

the POR sequencer descriptors 212, 213 from nonvolatile 
memory 215 and storage device 209 to the RAM 208. After 
the system is powered-up and the input power supply 

60 stabilizes in block 601, the CPU bus 202, reset controller 
206, DMA controller 203, storage device controller 204, 
RAM controller 205, nonvolatile memory controller 214 and 
POR sequencer 207 are brought out of reset in block 602. 
The POR sequencer 207 then detects the presence of POR 

65 sequencer descriptor 212 in the nonvolatile memory in block 
603. If the first copy of the POR Sequencer descriptor 212 
is detected, then POR sequencer 207 copies the POR 
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sequencer descriptor 212 from the nonvolatile memory 215 
to the RAM 208 in block 606. POR sequencer 207 then 
checks the integrity of POR sequencer descriptor 212 in 
block 606 by comparing the computed checksum to the POR 
sequencer descriptor checksum 507. If no error is found then 5 

copying of POR sequencer descriptor 212 from nonvolatile 
memory 215 to the RAM 208 is completed. If an error is 
found, a POR sequencer error handler is activated in block 
612. If the first copy 212 is unsuccessfully detected in step 
604, in block 609, the POR sequencer will try to detect a 10 

second copy of the POR sequencer descriptor which is not 
shown in FIG. 2. If successful, the POR sequencer 207 will 
copy the backup copy of the POR sequencer descriptor from 
the nonvolatile memory 215 to the RAM 208 in block 605. 
If not, the POR sequencer 207 releases the debug interface 15 

216 and a CPU 201 from reset to allow a system integrator 
from updating the nonvolatile memory 215 with a new POR 
sequencer descriptor 212. 

FIG. 7 illustrates the register initialization phase by the 
POR sequencer 207. Starting from block 701, the POR 20 

sequencer 207 reads the first register information in the 
register information space 401 of the POR sequencer 
descriptor 212 from the RAM 208. The POR sequencer 207 
then processes the register information and then updates the 
corresponding configuration register based on the contents 25 

of the register information in block 702. Steps 701 and 702 
are repeated for succeeding register information until the last 
register information of the current PO R sequencer descriptor 
212 is read and processed. After the last register information 

8 
system firmware in block 811. If the system firmware is error 
free then the sequence completes. If an error is found, an 
error handling routine will be executed in block 813. In 
block 805, if the DMA controller descriptor 406 does not 
point to the last system firmware fragment, which means 
there are succeeding system firmware fragments, then the 
POR sequencer 207 proceeds to block 806 to check if the 
said DMA controller descriptor 406 was the last descriptor 
of the current POR sequencer descriptor. If it is the last 
DMA controller descriptor 406 of the current frame, then 
POR sequencer 207 waits for all the busy DMA controllers 
to complete their transfers in block 810. The process is 
repeated starting from block 801 for the next POR sequencer 
descriptor which will be used to fetch the next system 
firmware fragment 211. 

In block 806, if the DMA controller descriptor 406 of the 
current POR sequencer descriptor is not the last one, then the 
availability of a DMA controller 203 is determined in block 
807. If there is no available DMAcontroller, meaning, all the 
DMA controllers 203 are busy, then the POR sequencer 207 
waits for a DMA controller 203 to complete its transfer in 
block 808 before proceeding to process the next DMA 
controller descriptor 406. When a DMA controller becomes 
available the process goes back to block 801. 

FIG. 9 describes the process of releasing the CPUs 201 
from their reset state. The POR sequencer 207 first config­
ures the reset controller 206 to release a CPU 201 from reset 
in block 901. This CPU is usually referred to as the bootstrap 
CPU. After coming out of reset, the bootstrap CPU reads and 
executes the system firmware from RAM 208 in block 902. 
Then the bootstrap CPU performs full system initialization 
and diagnostics in block 903. If the diagnostic failed, a 
system firmware error handling routine is executed in block 
905. If the system diagnostics is successful, the release of 

is read, the POR sequencer 207 writes the DMA controller 30 

descriptor 406 to the DMA controller's register space in 
block 704. The POR sequencer 207 then activates the DMA 
controller 203 in block 705. The DMA controller 203 then 
processes the DMA controller's descriptor 406 that it 
received and initiates transfer of data from the storage 
device 209 to the RAM 208 via the storage device controller 
204 in block 706. When the data transfer is finished, in block 
707, the DMA controller 203 informs the POR sequencer 
207 that the data transfer has completed. The POR sequencer 
207 then reads the POR sequencer DMA descriptor's control 40 

information 404 in block 608. It then checks if the DMA 

35 other CPUs, if present, proceeds. The system firmware 
instructs the reset controller 206 to release the next CPU 

controller descriptor 406 points to a new set of register 
information of another POR sequencer descriptor fragment 
502 in block 709. If the test is positive, the register initial­
ization phase is repeated starting with block 701. If the test 45 

is negative, then the register initialization phase has ended. 
DMA controller descriptors 406 are not only used to fetch 

POR sequencer descriptor fragments 501, 502. They are also 
used to transfer system firmware 211 from the storage device 
to the RAM 208. In FIG. 8, the copying of system firmware 50 

211 from the storage device 209 to the RAM 208 is 
illustrated. The process starts with the POR sequencer 207 
reading a DMA controller descriptor 406 from RAM 208 
and then writing the DMA controller descriptor 406 to the 
configuration space of an available DMA controller 203 in 55 

block 801. The POR sequencer 207 then activates the DMA 
controller 203 in block 802, which would then cause the 
DMA controller 203 to start the transfer of a system firm­
ware fragment 211 from the storage device 209 to the 
internal RAM 208 via the storage device controller 204 in 60 

block 803. 

from reset in block 908. The next CPU is released from reset 
which then reads and executes a copy of the system firmware 
in block 909. This process ends when all of the CPUs 203 
have been brought out of reset. At this point, the system 
firmware exits system initialization phase and waits for 
service calls from the controller cores of the embedded 
system. 

Foregoing described embodiments of the invention are 
provided as illustrations and descriptions. They are not 
intended to limit the invention to precise form described. In 
particular, it is contemplated that functional implementation 
of invention described herein may be implemented equiva­
lently in hardware, software, firmware, and/or other avail-
able functional components or building blocks, and that 
networks may be wired, wireless, or a combination of wired 
and wireless. 

It is also within the scope of the present invention to 
implement a program or code that can be stored in a 
machine-readable or computer-readable medium to permit a 
computer to perform any of the inventive techniques 
described above, or a program or code that can be stored in 
an article of manufacture that includes a computer readable 
medium on which computer-readable instructions for carry­
ing out embodiments of the inventive techniques are stored. 
Other variations and modifications of the above-described 
embodiments and methods are possible in light of the 
teaching discussed herein. 

The POR sequencer 207 then reads the DMA descriptor 
control information 404 from RAM 208 in block 804. If the 
DMA descriptor 406 points to the last system firmware 
fragment, the POR sequencer 207 waits for all busy DMA 
controllers to complete their transfers in block 809. The 
POR sequencer 207 then verifies the integrity of the copied 

The above description of illustrated embodiments of the 
65 invention, including what is described in the Abstract, is not 

intended to be exhaustive or to limit the invention to the 
precise forms disclosed. While specific embodiments of, and 
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examples for, the invention are described herein for illus­
trative purposes, various equivalent modifications are pos­
sible within the scope of the invention, as those skilled in the 
relevant art will recognize. 

These modifications can be made to the invention in light 5 

of the above detailed description. The terms used in the 
following claims should not be construed to limit the inven­
tion to the specific embodiments disclosed in the specifica­
tion and the claims. Rather, the scope of the invention is to 
be determined entirely by the following claims, which are to 10 

be construed in accordance with established doctrines of 
claim interpretation. 

What is claimed is: 
1. A computer-implemented method, comprising: 
releasing components of an embedded system from reset; 15 

detecting a power-on reset (POR) sequencer descriptor in 
a nonvolatile memory; 

wherein the POR sequencer descriptor comprises infor­
mation to initialize configuration registers of the 
embedded system, Direct Memory Access (DMA) 20 

descriptors used to fetch other POR sequencer descrip-
tor fragments, and a system firmware; 

copying the POR sequencer descriptor from the nonvola­
tile memory to a random access memory (RAM); 

verifying an integrity of the POR sequencer descriptor; 25 

and 

10 
sequencer descriptor in a nonvolatile memory, to copy 
the POR sequencer descriptor from the nonvolatile 
memory to a random access memory (RAM), to verify 
an integrity of the POR sequencer descriptor, and to 
detect any error in the POR sequencer descriptor; 

wherein the POR sequencer descriptor comprises infor­
mation to initialize configuration registers of the 
embedded system, Direct Memory Access (DMA) 
descriptors used to fetch other POR sequencer descrip-
tor fragments, and a system firmware; 

wherein the POR sequencer comprises a bus master 
interface that manages data and control signals to and 
from a Central Processor Unit (CPU) bus, a memory 
controller port interface that manages control signals to 
and from the RAM, and a POR sequencer state machine 
that utilizes the bus master interface to perform data 
transfer to and from the CPU bus and utilizes the 
memory controller port interface to perform data trans­
fer to and from the RAM. 

11. The apparatus of claim 10, wherein if a copy of the 
POR sequencer descriptor is not detected in the nonvolatile 
memory, then the POR sequencer is configured to detect a 
second copy of the POR sequencer descriptor and to copy 
the second copy from the nonvolatile memory to the RAM. 

12. The apparatus of claim 10, wherein if a copy of the 
POR sequencer descriptor is not successfully detected, then 
a system integrator is configured to update the nonvolatile 
memory with a new POR sequencer descriptor. 

detecting any error in the POR sequencer descriptor; 
wherein the computer-implemented method allows the 

embedded system to verify an integrity of user data and 
program code used in a boot process in order to provide 
a resilient boot up sequence and wherein the computer­
implemented method reduces an amount of the non­
volatile memory used in the boot process. 

13. The apparatus of claim 10, wherein the POR 
30 sequencer is configured to verify the integrity by comparing 

a computed checksum to a checksum of the POR sequencer 
descriptor. 

2. The method of claim 1, further comprising: 
if a copy of the POR sequencer descriptor is not detected 35 

in the nonvolatile memory, then detecting a second 
copy of the POR sequencer descriptor and copying the 
second copy from the nonvolatile memory to the RAM. 

3. The method of claim 1, further comprising: 

14. The apparatus of claim 10, wherein a POR sequencer 
error handler is activated if an error is detected in the POR 
sequencer descriptor. 

15. The apparatus of claim 10, wherein the components 
comprises a processor bus, a reset controller, a direct 
memory access (DMA) controller, a storage device control­
ler, a RAM controller, nonvolatile memory controller, and a 
POR sequencer. if a copy of the POR sequencer descriptor is not success- 40 

fully detected, then updating the nonvolatile memory 
with a new POR sequencer descriptor. 

16. The apparatus of claim 10, wherein an input power 
supply to the embedded system is stabilized after power-up. 

17. The apparatus of claim 10, wherein the POR 
sequencer is configured to perform a register initialization 

45 phase in the embedded system. 

4. The method of claim 1, wherein verifying the integrity 
comprises comparing a computed checksum to a checksum 
of the POR sequencer descriptor. 

5. The method of claim 1, further comprising 
activating a POR sequencer error handler if an error is 

detected in the POR sequencer descriptor. 
6. The method of claim 1, wherein the components 

comprises a processor bus, a reset controller, a direct 50 

memory access (DMA) controller, a storage device control­
ler, a RAM controller, nonvolatile memory controller, and a 
POR sequencer. 

7. The method of claim 1, further comprising: stabilizing 
an input power supply to the embedded system after power- 55 

up. 
8. The method of claim 1, further comprising: 
performing a register initialization phase in the embedded 

system. 
9. The method of claim 1, further comprising: 
copying system firmware from a storage device to the 

RAM. 
10. An apparatus, comprising: 
an embedded system configured to release components of 

the embedded system from reset; 
wherein the embedded system comprises a power-on reset 

(POR) sequencer configured to detect a (POR) 

60 

65 

18. The apparatus of claim 10, wherein the embedded 
system is configured to copy system firmware from a storage 
device to the RAM. 

19. An article of manufacture, comprising: 
a non-transitory computer-readable medium having 

stored thereon instructions operable to permit an appa­
ratus to perform a method comprising: 

releasing components of an embedded system from reset; 
detecting a power-on reset (POR) sequencer descriptor in 

a nonvolatile memory; 
wherein the POR sequencer descriptor comprises infor­

mation to initialize configuration registers of the 
embedded system, Direct Memory Access (DMA) 
descriptors used to fetch other POR sequencer descrip­
tor fragments, and a system firmware; 

copying the POR sequencer descriptor from the nonvola­
tile memory to a random access memory; 

verifying an integrity of the POR sequencer descriptor; 
and 

detecting any error in the POR sequencer descriptor. 
20. The article of manufacture of claim 19, wherein the 

instructions are further operable to permit the apparatus to 
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activate a PO R sequencer error handler if an error is detected 
in the POR sequencer descriptor. 

* * * * * 

12 
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device and a means of initializing an embedded system prior 
to activating a CPU is presented. The said system is com­
prised of one or more CPUs, a reset controller, a storage 
device controller, one or more direct memory access con­
trollers, a RAM and its controller, a ROM and its controller, 
a debug interface and a power-on reset (POR) sequencer. 
The POR sequencer controls the overall boot process of the 
embedded system. Said sequencer uses descriptors (POR 
Sequencer descriptors) which are used to update the con­
figuration registers of the system and to enable CPU­
independent data transfers with the use of DMA controllers. 
Using a minimal amount of non-volatile memory for booting 
up a system brings down costs associated with increased 
silicon real estate area and power consumption. Capability 
of pre-initializing the system even before a CPU is brought 
out of reset provides flexibility and system robustness. 
Through the use of the Power-On Reset Sequencer module, 
integrity of program code and user data used in the boot up 
process can be verified thus providing a resilient boot up 
sequence. 
The present invention provides a mechanism for booting up 
a system using a minimum amount of nonvolatile memory. 
This method also enables the embedded system to initialize 
all configuration registers even before any of the CPUs of 
the system is brought out of reset. The embedded system 
consists of multiple controller chips or a single controller 
chip. The embedded system can have a single or multiple 
central processing units. 
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EMBEDDED SYSTEM BOOT FROM A 
STORAGE DEVICE 

CROSS-REFERENCE(S) TO RELATED 
APPLICATIONS 

This application claims the benefit of and priority to U.S. 
Provisional Application 61/801,952, filed 15 Mar. 2013. 
This U.S. Provisional Application 61/801,952 is hereby fully 

2 
controller chip is taken out of reset to read and execute the 
boot code loader in the RAM 103. The boot code loader 
performs initialization of the system, power-on self tests, 
and copies a much larger control program or application 

5 firmware from flash block mass storage 106 to the RAM 
103. 

SUMMARY 

incorporated herein by reference. 10 The invention that is described in this document makes 

BACKGROUND 

Field 
The present invention relates generally to computers 

having a single or multiple Central Processing Units (CPU), 
and more particularly, to a method and device for booting 
such a system directly from a storage device. 

Description of Related Art 
An embedded system refers to an apparatus that is made 

up of a single or multiple controller chips interconnected to 
each other on a printed circuit board. A controller chip can 
have one or more central processing unit (CPU) that enables 
it to interpret and execute code. When an embedded system 
has more than one processor it is already called a multipro­
cessor system. The term embedded system will be used to 
refer to a single CPU or a multiprocessor system in this 
paper. 

A conventional embedded system contains a nonvolatile 
memory which is used to store firmware that is read and 
executed by a CPU to initialize the system. The nonvolatile 
memory can be a read-only memory (ROM), one-time 
programmable memory (OTP), progranmiable read only 
memory (PROM), electrically erasable PROM (EEPROM), 
or a flash PROM (FPROM). The nonvolatile memory can be 
internal (on-chip) or external (off-chip) to the controller 
chip. The firmware stored in the nonvolatile memory can be 
a boot code loader, a basic input/output system (BIOS), an 
operating system (OS), or an application firmware. The boot 
code loader is a small code executed by a CPU to do 
minimum initialization of the system. After initialization, the 
boot code loader copies the BIOS or OS or application 
firmware from a mass storage device external to the embed­
ded system to the random access memory (RAM) of the 
system. When the BIOS or OS or application firmware is 
already loaded in the RAM, the CPU reads and executes it 

use of a minimum amount of non-volatile memory in order 
to boot an embedded system. Reduction in size of the 
nonvolatile memory brings about an advantage in terms of 
cost and complexity. The invention also allows the system to 

15 verify the integrity of data and code used in the boot process. 
In some cases, the configuration registers of an embedded 

system may need to be initialized even before any of the 
CPU of the system is brought out of reset to begin execution 
of the system firmware. The invention presented in this 

20 paper will also address this issue of pre-initialization. 
The present invention provides a mechanism for booting 

up a system using a minimum amount of nonvolatile 
memory. This method also enables the embedded system to 
initialize all configuration registers even before any of the 

25 CPUs of the system is brought out of reset. The embedded 
system consists of multiple controller chips or a single 
controller chip. The embedded system can have a single or 
multiple central processing units. 

The present invention comprises of at least one Central 
30 Processing Unit (CPU) which reads and executes firmware; 

a random access memory (RAM) which is used to tempo­
rarily store firmware; a memory controller which provides 
interface to the RAM; a Reset Controller which maintains 
the reset states of all the devices of the embedded system; a 

35 Power-On Reset Sequencer which controls the overall boot 
process of the embedded system; nonvolatile memory and 
controller used to store data used by the Power-On Reset 
Sequencer in the boot process; at least one direct memory 
access (DMA) controller which initiates and tracks data 

40 transfers; a storage device controller which provides inter­
face to the storage device; a CPU bus which interconnects 
the devices of the system; and a storage device which is used 
to store system firmware; a debug interface used to pre­
program the nonvolatile memory and storage device with 

45 data and code. 

to do exhaustive initialization and diagnostics before pro­
ceeding to normal system operation. A mass storage device 
can be a rotating disk drive or a solid-state drive which is 
made up of FPROM devices. Though nonvolatile memory 50 

size can be reduced due to a small boot code loader, the boot 
code loader doesn't have the ability to self check its integ­
rity. 

The present invention describes the structure of the 
Power-On Reset (POR) Sequencer and its operation. The 
POR Sequencer makes use of a POR Sequencer Descriptor 
which is a preassembled descriptor that is stored in a 
nonvolatile memory of the system. The POR Sequencer 
descriptor contains register information and direct memory 
access (DMA) controller descriptors. The register informa­
tion are read and used by the POR Sequencer to update the 
configuration registers of the system. The D MA descriptors 
are loaded by the POR Sequencer to the DMA controllers of 
the system. The POR Sequencer facilitates the boot process 
and takes care of verifying the integrity of loaded data and 
code in the RAM. 

In an invention described in US Patent Application Pub­
lication number US 2005/0120146 Al, Jun. 2, 2005, an 55 

embedded system in FIG. 1 that does not have an on-chip 
nonvolatile memory such as a read only memory directly 
boots from flash block mass storage 106. The flash block 
mass storage 106 is a collection of flash chips interfaced to 
the flash memory controller 105. The apparatus makes use of 60 

a Flash Progranmiing Engine, embedded within a Flash 
memory controller 105, the first device that is taken out of 
reset, to program a Direct Memory Access controller 104 to 
transfer a boot code loader from flash block mass storage 
106 to an internal Random Access Memory (RAM) 103. 65 

When the transfer of the boot code loader to the RAM 103 
is completed the internal Central Processing Unit 101 of the 

The POR Sequencer Descriptor of the current invention is 
not limited to a single data structure. A linked-list of data 
structures is presented to increase the amount of register 
information and DMA descriptors available for processing 
by the POR Sequencer. 

The present invention also provides a method of copying 
POR Sequencer Descriptor from nonvolatile memory to the 
RAM and verifying its integrity; a method of initializing the 
configuration registers by the POR Sequencer; a method of 
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copying the system firmware from the storage device to the 
RAM; and a method of releasing the CPUs of the system 
from reset. 

Initially, the system's nonvolatile memory and storage 
device contain nothing. When the system is powered up, no 5 

boot process occurs but the debug interface and a CPU are 
released from reset. The system integrator loads a program 
to the RAM via the debug interface. The program contains 
code to burn the POR Sequencer Descriptor in nonvolatile 
memory and to save a copy of the System Firmware in the 10 

storage device. 
The method of copying POR Sequencer Descriptor from 

nonvolatile memory to RAM starts when the supply voltage 
of the system becomes stable after power-up. Then the Reset 
Controller, the POR Sequencer, the CPU Bus, the memory 15 

controllers, the DMA controllers, and the storage device 
controllers are released from reset. Then the POR Sequencer 
detects the presence of the POR Sequencer Descriptor in the 
nonvolatile memory. If the POR Sequencer Descriptor is not 
detected, then the debug interface and a CPU of the system 20 

are released from reset. If the POR Sequencer Descriptor is 
detected, then the POR Sequencer copies the POR 
Sequencer Descriptor from nonvolatile memory to RAM. 
This step ends after the verification of the copied POR 
Sequencer Descriptor to the RAM completed without error. 25 

The method of initializing the configuration registers of 
the system starts when the first register information of the 
POR Sequencer Descriptor is read. Then the register indi­
cated by the register information is updated with a new set 
of configuration. This sequence is repeated until the last 30 

register information of the POR Sequencer Descriptor is 
read and processed. Then the step proceeds to the processing 
of the DMA descriptor. The type of the DMA descriptor is 
identified by the POR Sequencer. If the DMA descriptor 
points to another set of register information then the DMA 35 

transfer will update the register information and DMA 
descriptor spaces of the current POR Sequence Descriptor in 
the RAM. If the DMA descriptor points to a system firmware 
fragment then this step is ended and the sequence proceeds 
to the next method. 40 

The next method is the step where the system firmware 
stored in the external storage device is copied to the RAM 
of the embedded system. The system firmware can be a boot 
code loader, a BIOS, an operating system, or a plain appli­
cation firmware. This step starts when the POR Sequencer 45 

identifies that the DMA descriptor points to a system firm­
ware fragment. The POR Sequencer loads the DMA or 
DMAs with the DMA Descriptors that will copy the system 
firmware fragments to the RAM. The POR Sequencer waits 
for completion signals from all DMA controllers that have 50 

been loaded with DMA descriptors before proceeding in the 
process flow. If the last DMA descriptor of the current POR 
Sequencer Descriptor points to another set ofDMA Descrip­
tors then another set of system firmware fragments must be 
copied from the storage devices to the RAM. If the last 55 

DMA descriptor of the current POR Sequencer Descriptor 
points to the last system firmware fragment then this step 
ends. The storage device refers to a single storage device or 
a plurality of storage devices of the same type. 

The last step is the release of the CPUs of the embedded 60 

system from reset. When the system has a single CPU, after 
the system firmware is loaded in the RAM, the POR 
Sequencer configures the reset controller to release the CPU 
from reset. Then the CPU starts reading and executing the 
system firmware. In a multi-CPU system, a CPU is released 65 

from reset. Then, the CPU reads and executes the system 
firmware in the RAM. The system firmware will have 

4 
instructions to sequence the release of the other CPUs from 
reset either one at a time or simultaneously. 

BRIEF DESCRIPTION OF DRAWINGS 

So that the mamier in which the above recited features, 
advantages and objects of the present invention are attained 
and can be understood in detail, a more particular descrip­
tion of the invention, briefly summarized above, may be had 
by reference to the embodiments thereof which are illus­
trated in the appended drawings. 

It is to be noted, however, that the appended drawings 
illustrate only typical embodiments of this invention and are 
therefore not to be considered limiting of its scope, for the 
present invention may admit to other equally effective 
embodiments. 

FIG. 1 shows a prior art embedded system that imple­
ments a mechanism to directly boot from flash block mass 
storage. 

FIG. 2 is a block diagram of an embedded system with a 
power-on reset sequencer that manages the initialization and 
boot up of the system. 

FIG. 3 is a block diagram which presents the internal 
organization of the power-on reset sequencer and its inter­
connection to the RAM via a memory controller. 

FIG. 4 shows the structure of the power-on reset 
sequencer descriptor. 

FIG. 5 illustrates a linked-list data structure of the power­
on reset sequencer descriptor. 

FIG. 6 is a flow chart of the sequence used in copying the 
power-on reset sequencer descriptor from nonvolatile 
memory to the RAM. 

FIG. 7 is a flow chart of the sequence used in the register 
initialization phase of the power-on reset sequencer. 

FIG. 8 is a flow chart of the sequence used in copying the 
system firmware from the storage device to the RAM. 

FIG. 9 is a flow chart of the sequence used in releasing the 
CPUs of the embedded system from their reset states. 

DETAILED DESCRIPTION 

The present invention relates a method and device for 
booting up a system from a storage device and further relates 
a method for enabling a system to initialize all configuration 
registers even before any of the CPUs of the system is 
brought out of reset. 

FIG. 2 is a block diagram showing a typical embodiment 
of the present invention. The figure shows an embedded 
system 200 comprising a CPU bus 202 interconnecting a 
single CPU 201 or a plurality of CPUs 201, a single DMA 
controller 203 or a plurality of DMA controllers 203, a reset 
controller 206, a power-on reset (POR) sequencer 207, a 
RAM controller 205, a nonvolatile memory controller 214, 
a storage device controller 204, and a debug interface 216. 
Also comprising the system is an internal RAM 208, a small 
nonvolatile memory 215 and a storage device 209. A storage 
device type may be a mechanical disk drive, a mobile flash 
drive, or a solid-state drive. 

The storage device controller 204 controls the storage 
device or devices 209 connected to it. A storage device or a 
plurality of storage devices 209 are connected to the storage 
device controller 204 via an IO bus 210 for the case of 
interface standards such as IDE/ATA, Serial ATA, SCSI/ 
SAS, PCI/PCI-X, USB, Firewire, Bluetooth, Fibre Channel 
and PCI Express. For a solid-state drive, a flash bus is used 
to connect to the storage device controller 204 which also 
called a flash controller. The reset controller 206 handles the 
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reset states of all the devices in the system. One or a plurality 
of DMA controllers 203 initiates and tracks data transfers. 
The storage device controller 204 provides interface to the 
storage device 209. The storage device 209 is used to store 
system firmware 211 or a fragment of the system firmware 
211. When the POR sequencer descriptor exceeds the space 
of the nonvolatile memory, the descriptor is divided into 
fragments 212, 213 and distributed across the nonvolatile 
memory 215 and storage devices 209. 

6 
face 303 the POR sequencer 300 is able to do the following 
tasks: transfer of DMA controller descriptor to the DMA 
controller's configuration register space, activation of the 
DMA controller, initialization of configuration registers, and 

5 copy of data from storage device or nonvolatile memory to 
the RAM. 

The multi-port memory controller 205 interfaces the 10 

RAM 208 to the CPU bus 202 and to the POR sequencer 
207. The POR sequencer 207 processes the POR sequencer 
descriptor which contains information to initialize configu­
ration registers of the system and DMA descriptors used to 
fetch other POR sequencer descriptor fragments 213 and the 15 

system firmware 211. The POR sequencer 207 takes care of 
loading the system firmware to the RAM and verifying its 
integrity. After the system firmware has been loaded in the 
RAM and the system's configuration registers pre-initial­
ized, the POR sequencer sequences the release of the CPUs 20 

from their reset states. 

The multi-port memory controller 308 has several port 
interfaces. Port 1 interfaced 305 provides devices on the 
CPU bus 304 access to the RAM 311. Port 2 interface 307 
provides the POR sequencer 300 access to the RAM 311. 
The data path multiplexers 309 route the read and write 
requests from the POR sequencer 300 and the CPU bus 304 
to the RAM 311. The controller 310 manages how the data 
path multiplexers 309 behave in response to the read and 
write requests received from the POR sequencer 300 and 
CPU bus 304. 

FIG. 4 shows the POR sequencer descriptor format. The 
POR sequencer descriptor is comprised of the register 
information space 401, the DMA descriptor space 403, and 
an optional POR sequencer descriptor checksum 407. The 
register information space consists of controller core register 
information 402 used by the POR sequencer to update the 
configuration registers of the system. The DMA descriptor 
space 403 on the other hand consists of the POR sequencer 
DMA descriptors' control information 404 and one or more 
DMA controller descriptors 406. The DMA controller 
descriptors 406 are loaded by the POR Sequencer to the 
DMA controller's configuration register space. The POR 
sequencer DMA descriptors' control information 404 con­
tains information about the DMA controller descriptors 406 
of the current POR sequencer descriptor. 

When the POR sequencer descriptor doesn't fit in the 
nonvolatile memory of the system, the descriptor is divided 
into fragments and distributed across the nonvolatile 

The nonvolatile memory 215 with its controller 214 is 
used to store the head of the POR sequencer descriptor 212 
used by the POR sequencer 207 in the boot process. Initially, 
the system's nonvolatile memory and storage devices 25 

attached to the system are empty. When the system is 
powered up the boot process exits to emulation mode since 
there are no POR sequencer descriptor to process and no 
system firmware to load and execute in memory. The system 
integrator which writes program for the system loads a 30 

firmware to the RAM of the system via the debug interface 
216. The firmware loaded in the RAM has a routine that 
writes the POR sequencer descriptor and system firmware to 
the nonvolatile memory 215 and storage devices 209 
attached to the system. After the POR sequencer descriptor 
and system firmware has been written to the nonvolatile 
memory and storage devices, the next time the system is 
powered up, the system doesn't exit to emulation mode 
instead it continues with the boot process until all CPUs 201 

35 memory and storage devices attached to the system. FIG. 5 
gives us an illustration of a fragmented POR sequencer 
descriptor. POR sequencer descriptor fragment O 501 is 
stored in the nonvolatile memory. Fragment O comprises of 
register information space 505, DMA descriptor space 503, 

of the system are released from their reset states. 
FIG. 3 is a schematic diagram that illustrates the structure 

and interconnection between the POR sequencer 300 and the 
multi-port memory controller 308. For the POR sequencer 
300, data and control signals to and from the CPU bus 304 
is managed by the bus master interface 303 while control 
signals to and from the RAM 311 is managed by the memory 
controller port interface 302. The POR sequencer state 
machine 301 utilizes the bus master interface 303 to perform 
data transfer to and from the CPU bus and the memory 
controller port interface 302 to do data transfer to and from 
the RAM 311. The POR sequencer 300 combines the use of 
the bus master interface 303 and the memory controller port 
interface 302 in order to control transfers to and from the 
RAM 311. 

The POR sequencer 300 transfers the POR sequencer 
descriptor from the nonvolatile memory or from the storage 
device to the RAM 311 before it is processed. When the 
POR sequencer descriptor is already loaded in the RAM 311, 
the POR sequencer state machine reads a part of the descrip­
tor from RAM to parse and interpret. Depending on the 
content of the part of the POR sequencer descriptor, the POR 
sequencer state machine decides whether to get another part 
of the descriptor from RAM, transfer data from RAM to a 
device mapped on the CPU bus 304, or to write data that it 
generated to the RAM or to a device mapped on the CPU bus 
304. Through the use of POR sequencer state machine 301, 
memory controller port interface 302, and bus master inter-

40 and POR sequencer descriptor checksum 504. The DMA 
descriptor space 503 is composed of DMA controller 
descriptors Oto P. The last DMA controller descriptor 506 of 
the POR sequencer descriptor fragment 501, 502 points to 
the next POR sequencer descriptor fragment 502. POR 

45 sequencer fragment 1 to N 502 have only two parts, the 
register information space 505 and DMA descriptor space 
503 in contrast to POR sequencer descriptor fragment O 501 
which is made up of three parts. The POR sequencer 
descriptor fragment 501 or 502 may or may not have a 

50 register information space 505. The last DMA controller 
descriptor 507 of the last POR sequencer descriptor frag­
ment points to the last fragment of the system firmware in 
the storage device. 

FIG. 6 is a flowchart showing the process of transferring 
55 the POR sequencer descriptors 212, 213 from nonvolatile 

memory 215 and storage device 209 to the RAM 208. After 
the system is powered-up and the input power supply 
stabilizes in block 601, the CPU bus 202, reset controller 
206, DMA controller 203, storage device controller 204, 

60 RAM controller 205, nonvolatile memory controller 214 and 
POR sequencer 207 are brought out of reset in block 602. 
The POR sequencer 207 then detects the presence of POR 
sequencer descriptor 212 in the nonvolatile memory in block 
603. If the first copy of the POR Sequencer descriptor 212 

65 is detected, then POR sequencer 207 copies the POR 
sequencer descriptor 212 from the nonvolatile memory 215 
to the RAM 208 in block 606. POR sequencer 207 then 
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checks the integrity of POR sequencer descriptor 212 in 
block 606 by comparing the computed checksum to the POR 
sequencer descriptor checksum 507. If no error is found then 
copying of POR sequencer descriptor 212 from nonvolatile 
memory 215 to the RAM 208 is completed. If an error is 5 

found, a POR sequencer error handler is activated in block 
612. If the first copy 212 is unsuccessfully detected in step 
604, in block 609, the POR sequencer will try to detect a 
second copy of the POR sequencer descriptor which is not 
shown in FIG. 2. If successful, the POR sequencer 207 will 10 

copy the backup copy of the POR sequencer descriptor from 
the nonvolatile memory 215 to the RAM 208 in block 605. 
If not, the POR sequencer 207 releases the debug interface 
216 and a CPU 201 from reset to allow a system integrator 
from updating the nonvolatile memory 215 with a new POR 15 

sequencer descriptor 212. 
FIG. 7 illustrates the register initialization phase by the 

POR sequencer 207. Starting from block 701, the POR 
sequencer 207 reads the first register information in the 
register information space 401 of the POR sequencer 20 

descriptor 212 from the RAM 208. The POR sequencer 207 
then processes the register information and then updates the 
corresponding configuration register based on the contents 
of the register information in block 702. Steps 701 and 702 
are repeated for succeeding register information until the last 25 

register information of the current PO R sequencer descriptor 
212 is read and processed. After the last register information 
is read, the POR sequencer 207 writes the DMA controller 
descriptor 406 to the DMA controller's register space in 
block 704. The POR sequencer 207 then activates the DMA 30 

controller 203 in block 705. The DMA controller 203 then 

8 
error handling routine will be executed in block 813. In 
block 805, if the DMA controller descriptor 406 does not 
point to the last system firmware fragment, which means 
there are succeeding system firmware fragments, then the 
POR sequencer 207 proceeds to block 806 to check if the 
said DMA controller descriptor 406 was the last descriptor 
of the current POR sequencer descriptor. If it is the last 
DMA controller descriptor 406 of the current frame, then 
POR sequencer 207 waits for all the busy DMA controllers 
to complete their transfers in block 810. The process is 
repeated starting from block 801 for the next POR sequencer 
descriptor which will be used to fetch the next system 
firmware fragment 211. 

In block 806, if the DMA controller descriptor 406 of the 
current POR sequencer descriptor is not the last one, then the 
availability of a DMA controller 203 is determined in block 
807. If there is no available DMAcontroller, meaning, all the 
DMA controllers 203 are busy, then the POR sequencer 207 
waits for a DMA controller 203 to complete its transfer in 
block 808 before proceeding to process the next DMA 
controller descriptor 406. When a DMA controller becomes 
available the process goes back to block 801. 

FIG. 9 describes the process of releasing the CPUs 201 
from their reset state. The POR sequencer 207 first config­
ures the reset controller 206 to release a CPU 201 from reset 
in block 901. This CPU is usually referred to as the bootstrap 
CPU. After coming out of reset, the bootstrap CPU reads and 
executes the system firmware from RAM 208 in block 902. 
Then the bootstrap CPU performs full system initialization 
and diagnostics in block 903. If the diagnostic failed, a 
system firmware error handling routine is executed in block 
905. If the system diagnostics is successful, the release of 
other CPUs, if present, proceeds. The system firmware 

processes the DMA controller's descriptor 406 that it 
received and initiates transfer of data from the storage 
device 209 to the RAM 208 via the storage device controller 
204 in block 706. When the data transfer is finished, in block 
707, the DMA controller 203 informs the POR sequencer 
207 that the data transfer has completed. The POR sequencer 
207 then reads the POR sequencer DMA descriptor's control 
information 404 in block 608. It then checks if the DMA 
controller descriptor 406 points to a new set of register 
information of another POR sequencer descriptor fragment 
502 in block 709. If the test is positive, the register initial­
ization phase is repeated starting with block 701. If the test 

35 instructs the reset controller 206 to release the next CPU 
from reset in block 908. The next CPU is released from reset 
which then reads and executes a copy of the system firmware 
in block 909. This process ends when all of the CPUs 203 
have been brought out of reset. At this point, the system 

40 firmware exits system initialization phase and waits for 
service calls from the controller cores of the embedded 

is negative, then the register initialization phase has ended. 
DMA controller descriptors 406 are not only used to fetch 45 

POR sequencer descriptor fragments 501, 502. They are also 
used to transfer system firmware 211 from the storage device 
to the RAM 208. In FIG. 8, the copying of system firmware 
211 from the storage device 209 to the RAM 208 is 
illustrated. The process starts with the POR sequencer 207 50 

reading a DMA controller descriptor 406 from RAM 208 
and then writing the DMA controller descriptor 406 to the 
configuration space of an available DMA controller 203 in 
block 801. The POR sequencer 207 then activates the DMA 
controller 203 in block 802, which would then cause the 55 

DMA controller 203 to start the transfer of a system firm­
ware fragment 211 from the storage device 209 to the 
internal RAM 208 via the storage device controller 204 in 
block 803. 

The POR sequencer 207 then reads the DMA descriptor 60 

control information 404 from RAM 208 in block 804. If the 

system. 
Foregoing described embodiments of the invention are 

provided as illustrations and descriptions. They are not 
intended to limit the invention to precise form described. In 
particular, it is contemplated that functional implementation 
of invention described herein may be implemented equiva­
lently in hardware, software, firmware, and/or other avail­
able functional components or building blocks, and that 
networks may be wired, wireless, or a combination of wired 
and wireless. 

It is also within the scope of the present invention to 
implement a program or code that can be stored in a 
machine-readable or computer-readable medium to permit a 
computer to perform any of the inventive techniques 
described above, or a program or code that can be stored in 
an article of manufacture that includes a computer readable 
medium on which computer-readable instructions for carry­
ing out embodiments of the inventive techniques are stored. 
Other variations and modifications of the above-described 
embodiments and methods are possible in light of the 
teaching discussed herein. DMA descriptor 406 points to the last system firmware 

fragment, the POR sequencer 207 waits for all busy DMA 
controllers to complete their transfers in block 809. The 
POR sequencer 207 then verifies the integrity of the copied 
system firmware in block 811. If the system firmware is error 
free then the sequence completes. If an error is found, an 

The above description of illustrated embodiments of the 
invention, including what is described in the Abstract, is not 

65 intended to be exhaustive or to limit the invention to the 
precise forms disclosed. While specific embodiments of, and 
examples for, the invention are described herein for illus-
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trative purposes, various equivalent modifications are pos­
sible within the scope of the invention, as those skilled in the 
relevant art will recognize. 

These modifications can be made to the invention in light 
of the above detailed description. The terms used in the 5 

following claims should not be construed to limit the inven­
tion to the specific embodiments disclosed in the specifica­
tion and the claims. Rather, the scope of the invention is to 
be determined entirely by the following claims, which are to 
be construed in accordance with established doctrines of 10 

claim interpretation. 
What is claimed is: 
1. An apparatus, comprising: 
an embedded system comprising one or more processors, 

a reset controller, a storage device controller, one or 15 

more direct memory access (DMA) controllers, a ran­
dom access memory (RAM) and a memory controller, 
a nonvolatile memory and a nonvolatile memory con­
troller, a debug interface, and 

a power-on reset (POR) sequencer configured to detect, in 20 

the nonvolatile memory, a descriptor used in a boot 
process and configured to copy the descriptor from the 
nonvolatile memory to the RAM, 

wherein the POR sequencer facilitates a boot process and 
verifies an integrity of loaded data and code in the 25 

RAM, 
wherein the descriptor comprises a POR sequencer 

descriptor, and wherein the POR sequencer uses the 
POR sequencer descriptor which is a preassembled 
descriptor that is stored in the nonvolatile memory, 

wherein the POR sequencer descriptor includes register 
information and DMA controller descriptors, and 

wherein the POR sequencer reads and uses the register 
information to update configuration registers of the 
embedded system. 

2. The apparatus of claim 1, 

30 

35 

10 
dom access memory (RAM) and a memory controller, 
a nonvolatile memory and a nonvolatile memory con­
troller, a debug interface, and 

a power-on reset (POR) sequencer, wherein the POR 
sequencer uses a POR sequencer descriptor which is a 
preassembled descriptor that is stored in the nonvolatile 
memory, 

wherein the POR sequencer descriptor includes register 
information and DMA controller descriptors, and 

wherein the POR sequencer reads and uses the register 
information to update configuration registers of the 
embedded system. 

7. The apparatus of claim 6, 
wherein the one or more processors reads and executes 

firmware; 
wherein the reset controller maintains reset states of all 

devices of the embedded system; 
wherein the storage device controller provides an inter­

face to a storage device; 
wherein the one or more direct memory access controllers 

initiates and tracks data transfers; 
wherein the RAM is used to temporarily store firmware; 
wherein the memory controller provides an interface to 

the RAM; 
wherein the nonvolatile memory comprises a read only 

memory (ROM); 
wherein the ROM is used to store data used by the POR 

sequencer in a boot process of the embedded system; 
wherein the debug interface is used to pre-program the 

ROM and the storage device with data and code; and 
wherein the POR sequencer controls the boot process of 

the embedded system. 
8. The apparatus of claim 6, wherein the POR sequencer 

loads DMA descriptors to the DMA controllers. 
9. The apparatus of claim 6, wherein the POR sequencer 

facilitates a boot process and verifies an integrity of loaded 
data and code in the RAM. wherein the one or more processors reads and executes 

firmware; 
wherein the reset controller maintains reset states of all 

devices of the embedded system; 
wherein the storage device controller provides an inter­

face to a storage device; 

10. The apparatus of claim 6, wherein the POR sequencer 
processes a linked-list of data structures in order to increase 

40 an amount of register information and DMA descriptors that 
are processed by the POR sequencer. 

wherein the one or more direct memory access controllers 
initiates and tracks data transfers; 

wherein the RAM is used to temporarily store firmware; 45 

wherein the memory controller provides an interface to 
the RAM; 

wherein the nonvolatile memory comprises a read only 
memory (ROM); 

wherein the ROM is used to store data used by the POR 50 

sequencer in a boot process of the embedded system; 
wherein the debug interface is used to pre-program the 

ROM and the storage device with data and code; and 
wherein the POR sequencer controls the boot process of 

the embedded system. 55 

3. The apparatus of claim 1, wherein the POR sequencer 
loads DMA descriptors to the DMA controllers. 

4. The apparatus of claim 1, wherein the POR sequencer 
processes a linked-list of data structures in order to increase 
an amount of register information and DMA descriptors that 60 

are processed by the POR sequencer. 
5. The apparatus of claim 1, further comprising: a CPU 

bus in the embedded system. 
6. An apparatus, comprising: 
an embedded system comprising one or more processors, 65 

a reset controller, a storage device controller, one or 
more direct memory access (DMA) controllers, a ran-

11. The apparatus of claim 6, further comprising: a CPU 
bus in the embedded system. 

12. An article of manufacture, comprising: 
a non-transitory computer-readable medium having 

stored thereon instructions to permit an apparatus to 
perform a method comprising: 

detecting in a nonvolatile memory in the apparatus, by a 
power-on reset (POR) sequencer, a descriptor used in a 
boot process and copying, by the POR sequencer, the 
descriptor from the nonvolatile memory to a random 
access memory (RAM), and 

facilitating, by the POR sequencer, a boot process and 
verifying, by the POR sequencer, an integrity ofloaded 
data and code in the RAM, 

wherein the descriptor comprises a POR sequencer 
descriptor, and wherein the POR sequencer uses the 
POR sequencer descriptor which is a preassembled 
descriptor that is stored in the nonvolatile memory, 

wherein the POR sequencer descriptor includes register 
information and DMA controller descriptors, and 

wherein the POR sequencer reads and uses the register 
information to update configuration registers of the 
embedded system. 

13. The article of manufacture of claim 12, 
wherein the apparatus comprises an embedded system 

comprising one or more processors, a reset controller, 
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a storage device controller, one or more direct memory 
access (DMA) controllers, the random access memory 
(RAM) and a memory controller, the nonvolatile 
memory and a nonvolatile memory controller, a debug 
interface, and the POR sequencer; 5 

wherein the one or more processors reads and executes 
firmware; 

wherein the reset controller maintains reset states of all 
devices of the embedded system; 

wherein the storage device controller provides an inter- 10 

face to a storage device; 
wherein the one or more direct memory access controllers 

initiates and tracks data transfers; 
wherein the RAM is used to temporarily store firmware; 
wherein the memory controller provides an interface to 15 

the RAM; 
wherein the nonvolatile memory comprises a read only 

memory (ROM); 
wherein the ROM is used to store data used by the POR 

sequencer in a boot process of the embedded system; 20 

wherein the debug interface is used to pre-program the 
ROM and the storage device with data and code; and 

wherein the POR sequencer controls the boot process of 
the embedded system. 

* * * * * 
25 

12 
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CONTAINS TESTIMONY DESIGNATED1

CONFIDENTIAL - OUTSIDE ATTORNEYS' EYES ONLY2

3

THIS IS AN UNCERTIFIED ROUGH-DRAFT TRANSCRIPT AND 4

CANNOT BE QUOTED IN ANY PLEADINGS OR FOR ANY OTHER 5

PURPOSE AND MAY NOT BE FILED WITH ANY COURT.  ANY 6

PUNCTUATION ERRORS OR OMISSIONS, UNTRANSLATED 7

SHORTHAND SYMBOLS, OR REPORTER'S NOTES WILL BE 8

CORRECTED IN THE FINAL CERTIFIED TRANSCRIPT.  9

10

THE VIDEOGRAPHER:  Here begins video number 11

1, volume II in the deposition of Donald Alpert, 12

Ph.D., in the matter of BiTMICRO vs. Intel 13

Corporation.  14

Today's date is November 28th of the year 15

2022.  The time is 10:06 a.m. Pacific Standard Time.  16

This deposition is being taken remotely via the Zoom 17

video conferencing platform and was made at the 18

request of the plaintiff.  I'm Jason Snyder, the 19

videographer; the court reporter today is XXXX 20

XXXXXXXXXX, from GregoryEdwards LLC.  21

Counsel, please identify yourselves and 22

state whom you represent, after which the court 23

reporter will please swear in the witness.  24

MR. JOHANNINGMEIER:  Hi.  This is Corey 25

1

Johanningmeier, of Bunsow De Mory, representing 1

plaintiff, BiTMICRO LLC.  2

MR. MORIN:  Philip Morin, from Perkins Coie 3

LLP, representing defendant Intel Corporation.  4

MR. SCHUETTENHELM:  This is Jared 5

Schuettenhelm, of Bracewell LLP, representing 6

defendants Kioxia America, Inc. and Kioxia 7

Corporation.  8

DONALD ALPERT, Ph.D.,9

having been first duly XXXXX, testified as follows: 10

EXAMINATION BY MR. JOHANNINGMEIER11

Okay.  Good morning, Dr. Alpert.  12 Q.

Good morning.  13 A.

So my first question is, I take it you've 14 Q.

been deposed before.  About how many times have you 15

been deposed? 16

You know, just off the top of my head, I'd 17 A.

say maybe about 30 times. 18

Okay.  So we'll -- we'll skip all the 19 Q.

instructions and preliminaries, and I'll assume that 20

your counsel told you what you need to know there.  21

Have you ever been deposed or testified for 22

Intel in a case before? 23

I don't think so.  I don't recall having 24 A.

done that.  25

2

All right.  And so -- now, we're here, 1 Q.

obviously, on a claim construction report.  About 2

how many hours have you worked on this case so far?  3

You know, it would be a very rough guess, 4 A.

but I'd say maybe 40; 30 to 40, something like that. 5

And your rate is 650 an hour, right? 6 Q.

Yes. 7 A.

Okay.  Are you currently working on any 8 Q.

other expert declarations with respect to Markman in 9

this case, or with respect to claim construction? 10

No, I'm not.  11 A.

Okay.  So you don't currently plan on 12 Q.

submitting any additional reports for Markman, 13

right?  14

MR. MORIN:  Objection to form. 15

THE WITNESS:  You know, at the moment I 16

don't have any plans.  I don't know what may come up 17

in the future.  18

BY MR. JOHANNINGMEIER:19

Have you looked at any of the patents that 20 Q.

are asserted in this case other than the '084 and 21

the '694? 22

Yes, to the best of my recollection, I 23 A.

have. 24

Have you formed any opinions about the 25 Q.

3

construction of any terms in patents in this case 1

other than the '084 and '694? 2

No, I have not formed any other opinions. 3 A.

Okay.  So we're here today just to talk 4 Q.

about those two patents and the terms therein, 5

right? 6

I'm here to answer your questions if my -- 7 A.

Okay.8 Q.

-- attorney allows me.  So that's what I 9 A.

came prepared for, yes. 10

Okay.  Now, did you meet with anyone to 11 Q.

prepare for this deposition? 12

I did, yes. 13 A.

Was that counsel for Intel? 14 Q.

Yes, it was.  15 A.

Was there any -- were there any engineers 16 Q.

or employees of Intel there other than counsel? 17

No. 18 A.

Okay.  And when did you meet? 19 Q.

I met twice.  Once was about a week ago, a 20 A.

week to ten days, and the second time was yesterday.  21

And about how long total did you spend 22 Q.

preparing for the deposition?  23

Including time that I spent by myself 24 A.

reviewing, and so on, or -- 25

4
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Sure.  1 Q.
-- you mean in the meetings?  2 A.
Well, let's just go with counsel.  How long 3 Q.

did you spend with counsel preparing for the 4

deposition? 5

I think that was about five hours.  6 A.
And, now, did you also review documents to 7 Q.

prepare for the deposition? 8

I did, yes. 9 A.
Were any of those documents, documents that 10 Q.

weren't mentioned in your declaration?  Or maybe -- 11

let me state that differently.  12

In preparing for this deposition, did you 13

review any documents that you didn't consider when 14

you were drafting your report?  15

No. 16 A.
So, then, I take it that your review of 17 Q.

documents in preparation for this deposition hasn't 18

changed any of your opinions, right? 19

That's correct.  20 A.
Okay.  Well, let's just get right into the 21 Q.

declaration.  I'm going to go ahead and have -- I've 22

premarked some exhibits, and so when I call them, 23

they'll come up on the screen.  If you want to take 24

control and flip through the document, just say so.  25

5

You can at any point.  And then we'll just proceed 1

in that way, I guess. 2

So the first one is going to be Exhibit 1. 3

(Deposition Exhibit 1 was marked for 4

identification.) 5

BY MR. JOHANNINGMEIER:    6

And there it is on the screen.  Do you see 7 Q.
that on the screen? 8

Yes, I do see that.9 A.
MR. MORIN:  So --10

BY MR. JOHANNINGMEIER:   11

Okay.  So -- 12 Q.
MR. MORIN:  Is it available -- sorry, 13

Corey.  Is it available in the chat?  Excuse me. 14

MR. JOHANNINGMEIER:  Oh, let me see. 15

THE VIDEOGRAPHER:  I'm putting it in there 16

right now.  17

MR. JOHANNINGMEIER:  Okay.  Great. 18

MR. MORIN:  Just -- just so he can see the 19

whole document. 20

BY MR. JOHANNINGMEIER:21

Right.  So then you can -- and anyone, 22 Q.
including the witness, could download that from the 23

chat if you want, if it's easier than looking at it 24

on the screen.  In fact, I have found in the past 25

6

that that does sometimes -- is sometimes easier to 1

do.  But it's up to you.  2

You know, I would want to mention, I am 3 A.
downloading it in case that would be helpful.  And I 4

do have three documents in front of me, paper 5

copies, that are completely clean copies, in terms 6

of no comments or highlighting or anything on that.  7

And I did want to refer to the paper copy.  I find 8

it a lot -- I find it very useful, as though it were 9

a physical deposition, that I can put my fingers on 10

one place in the -- for example, in the declaration 11

and then go open up the patent and look at a 12

citation.  13

Sure.  14 Q.
So -- so the -- I was just going to 15 A.

mention, the three documents that I have in front of 16

me are the declaration, just the first nine pages of 17

the declaration; the '084 patent; and the '694 18

patent.  19

Okay.  Great.  And so you don't have -- I 20 Q.
guess I should have done this, since it is a video 21

depo.  You don't have any access to other papers or 22

notes as you're sitting there right now, right? 23

I do not. 24 A.
And do you have any chat windows or -- or 25 Q.

7

any other side communications with counsel on your 1

screen?  2

No, I do not. 3 A.
Okay.  I just -- yeah, I had to 4 Q.

double-check.  5

Okay.  No, fair enough. 6 A.
Yeah, because, you know, when you're in the 7 Q.

room, you can tell if people are -- but I -- all 8

right.  Anyway, so we'll just assume, then, that we 9

won't have any of that going on.  10

So you have the paper copy.  It's up there 11

on the screen.  Let's go ahead and -- sorry.  I lost 12

my -- sorry.  Technical difficulties here.  Ah, 13

there.  Okay.  All right.  14

So what you see on the screen and what you 15

have in front of you, does this appear to be a copy 16

of your expert report or declaration served on 17

November 7th, 2022? 18

MR. MORIN:  Objection; form. 19

THE WITNESS:  Yes, it does.  I may I 20

proceed, in terms of the date, I just see it, 21

above -- on the top, it says "Filed 11/09."  I 22

don't -- 23

BY MR. JOHANNINGMEIER:24

Okay.  But, I mean, so on page 9, it says, 25 Q.
8
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"Executed...7th day of November, 2022."  And then is 1

that your signature there?  2

Yeah.  It says "7th November, 2022," and 3 A.

that's my signature. 4

Uh-huh.  Okay.  Now, technically -- I'll 5 Q.

just -- you know, this is a declaration.  I may 6

refer to it as a report.  I mean the same thing, so 7

don't get hung up on the difference there.  8

So does this report accurately state your 9

opinions in this case?  10

Yes, it does.  And the only reason I 11 A.

hesitated is that I did notice one correction 12

yesterday.  13

Okay.  Well, this is the time and the 14 Q.

question where it's getting at that.  So what 15

correction did you notice yesterday?  16

So let's see.  It's on page 8, in 17 A.

paragraph -- paragraph 18.  And towards the very 18

bottom, there's a -- a quotation that says 19

"'program[ming] the DMA engine with source and 20

target device addresses and an initial transfer 21

length,'" and it continues on there.  And this was 22

from U.S. Patent Application Number 2005/0120146, 23

and the citation says to paragraph 53 of that patent 24

application.  And I believe that particular -- I'm 25

9

going from memory now.  We can look at the document 1

if we need to.  That particular quotation was from 2

paragraph 54.  And generally it really should cite 3

to a paragraph before and after that.  So I think it 4

would be 052 to 055, which covers one of the figures 5

there.  I believe it's figure 7.  If -- you know, if 6

that needs me to be any more specific or any more 7

certain, I could look at that application again.  8

No, that's fine.  And we will -- we'll get 9 Q.

to that as well.  So -- okay.  So other than that 10

correction to that citation, have you identified any 11

other errors or corrections you want to make to your 12

report?  13

No. 14 A.

Okay.  And does this report identify all 15 Q.

the bases for your opinions in this case? 16

Yes, it does, perhaps pointing out that, 17 A.

you know, I have extensive knowledge working and 18

studying in this field, and there's only a -- you 19

know, a brief summary of some of that information 20

that's documented here.  21

Right.  But in terms of the support that 22 Q.

you wanted to offer the Court for the opinions that 23

you were giving, this is complete, right? 24

Yes. 25 A.

10

Now, did you write every word of this 1 Q.

report yourself?  2

No.  3 A.

Okay.  Is there any portion of this report 4 Q.

that you wrote the first draft of yourself?  5

I'd say the introduction, professional 6 A.

background, and, you know, particular paragraphs or 7

portions in paragraphs in the body, that looks like 8

section V.  9

Okay.  So with respect to section V, which 10 Q.

is sort of the main statement of the opinions, I 11

take it there are some portions of that where you 12

did the first draft, and there are some portions of 13

that where counsel or someone else did the first 14

draft.  Is that right? 15

MR. MORIN:  Objection to form. 16

THE WITNESS:  Yes, there were portions 17

where a first draft was done by counsel.  And, of 18

course, I reviewed that thoroughly.  The draft was 19

based on discussions that we'd had.  And so 20

everything that's in this declaration is my opinion, 21

and I stand by it. 22

BY MR. JOHANNINGMEIER:23

Oh, certainly.  Right.  I'm just trying to 24 Q.

find out.  Was there -- so you said you discussed 25

11

with counsel.  Is there any portion of section V 1

that was drafted before you discussed your potential 2

opinions with counsel?  3

To the best of my recollection, there isn't 4 A.

anything.  5

Now, and you said -- is there any -- is 6 Q.

there any portion of section V that you wrote the 7

first draft of?  8

I -- I believe there is.  I'm -- 9 A.

If you had to guess, what percentage of 10 Q.

section V did you write the first draft of?  11

I'd say between a third and a half. 12 A.

Okay.  Now, let's turn to paragraph 19, on 13 Q.

the last page.  14

Are you there? 15

Oh, yes, I am.  Yeah.  16 A.

Okay.  So here you write, "For these 17 Q.

reasons, I agree with Intel that a" person of 18

ordinary skill "would view 'DMA descriptors,'" 19

and -- and on and on there. 20

So you agree with Intel's position that a 21

person of ordinary skill would view DMA descriptors 22

and DMA controller descriptions as described here, 23

right? 24

Yes.  Yes, I do. 25 A.

12
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Now, I want to ask you about the origin of 1 Q.

that position.  So you're saying here you agree with 2

Intel.  Did Intel -- well, when were you engaged to 3

start this -- to do this declaration? 4

I don't think I can say with a great deal 5 A.

of -- of certainty, but I believe it was sometime 6

within the -- the past two months.  7

Okay.  Do you remember -- well, to the best 8 Q.

of your recollection, when did you start work on 9

this draft, or when did you start discussions about 10

this draft? 11

Again, just the best of my recollection, 12 A.

which, frankly, is not very clear, I would say about 13

two months ago.  What are we now, November?  So that 14

would have been in September?  Yeah, I'd probably 15

say end of August, beginning of September. 16

Uh-huh.  Had Intel already proposed a 17 Q.

construction before you started work? 18

No.  19 A.

MR. MORIN:  Objection.  20

THE WITNESS:  Oh.  21

Actually, I should say I don't know whether 22

Intel did or didn't either internally or to the 23

Court, but I had not been informed of any proposed 24

construction by Intel before I started working on 25

13

this.  1

BY MR. JOHANNINGMEIER:2

But here at the sort of penultimate 3 Q.

paragraph of your report, you're saying that you 4

agree with Intel, right?  5

MR. MORIN:  Objection to form. 6

THE WITNESS:  Yes.  That's what I'm saying.  7

BY MR. JOHANNINGMEIER:8

So I take it that Intel wrote the proposed 9 Q.

construction, right?  10

No, that's not what I mean.  When -- when I 11 A.

say that I agree, it doesn't mean that Intel at 12

least initially wrote the proposed construction.  13

Now, did you start work on this report 14 Q.

before October 19th?  15

MR. MORIN:  Objection to form. 16

THE WITNESS:  Yes, I'm quite certain I did.  17

BY MR. JOHANNINGMEIER:18

Okay.  Do you have any recollection of 19 Q.

being involved in drafting the proposed 20

construction? 21

I do, yes. 22 A.

Okay.  So obviously what I'm getting at 23 Q.

here is, did Intel write it and you agreed, or did 24

you write it and present it to Intel? 25

14

MR. MORIN:  Objection to form. 1

THE WITNESS:  Well, there were discussions 2

about what the proper construction would be.  And my 3

understanding when I'm saying that I agree with 4

Intel here is this is a declaration that I'm 5

providing I believe in support of a -- I guess a 6

claim construction brief that Intel is providing to 7

the Court.  So in that context I'm agreeing with 8

Intel, in terms of supporting the proposed 9

construction that's explained here, "data structures 10

that include at least a source address, a byte 11

length, and a destination address."  12

BY MR. JOHANNINGMEIER:13

Okay.  I just -- I was just trying to 14 Q.

clarify because of the -- you know, the "agree with" 15

language there.  I mean -- so, now, you're -- you're 16

here as an independent expert, right? 17

Yes, I am. 18 A.

And so it's your testimony that these 19 Q.

opinions are your own opinions, as an independent 20

expert, right? 21

Yes. 22 A.

So they also happen to agree with Intel's 23 Q.

positions, right? 24

Yes, they do. 25 A.

15

Now, I think I already asked this, but just 1 Q.

to make sure, have you formed any additional 2

opinions about the topics addressed in this report 3

since it was served?  4

About the topics in this report, no. 5 A.

Okay.  All right.  I just want to make sure 6 Q.

I'm not going to hear any ones on the reply.  7

Now, on paragraph 4 -- let's go to 8

paragraph 4.  And it says that you have taught 9

classes in computer architecture, right? 10

Yes. 11 A.

What classes?  12 Q.

Well, there were classes that were in basic 13 A.

undergraduate computer architecture.  There's one at 14

a master's level.  There's one at a Ph.D. level.  15

And there was also at least one class that was 16

generally about microprocessor systems that involved 17

lab exercises in -- using components of 18

microprocessor systems. 19

Do you remember what textbook you used?  20 Q.

Was it Hennessy and Patterson or something else?  21

In the -- the undergraduate computer 22 A.

architecture, it was a Hennessy and Patterson one 23

that's called, I believe, "Computer Organization and 24

Design."  It's an undergraduate-oriented textbook.  25

16
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For the master's level, it used another text by 1

Patterson and Hennessy, which is the one called 2

"Quantitative Approach."  And for the Ph.D.-level 3

class, I used a textbook that was by my former 4

advisor.  I was teaching it while he was on 5

sabbatical.  And that's by Michael Flynn.  And I 6

don't remember the specific name for that.  7

The other undergraduate class, there was a 8

book.  I can kind of picture it in my mind.  I think 9

it was -- maybe the title was "Microprocessor 10

Interfaces."  I've forgotten the name of the author.  11

So at least for the undergrad and the 12 Q.
master's class that used the Hennessy and Patterson 13

books, I take it those courses didn't cover DMA, 14

right? 15

I don't recall whether DMA was -- was 16 A.
mentioned in those classes.  17

Well, I looked in those books, because I 18 Q.
have them, and there is very little mention of DMA.  19

So I guess I can just ask, do you recall teaching 20

DMA to undergrads? 21

No, I don't think I have a specific 22 A.
recollection of -- of teaching about DMA. 23

In any of your courses? 24 Q.
Correct.  I don't have a specific 25 A.

17

recollection.  It may well have been covered in one 1

more of those, at least some aspect of DMA. 2

Is it safe to say, though, it's not a 3 Q.
mainstream topic in ordinary computer architecture 4

classes?  Right?  5

MR. MORIN:  Objection; form. 6

THE WITNESS:  No, I don't think I'd agree 7

with that.  8

BY MR. JOHANNINGMEIER:9

Well, you -- but you can't remember ever 10 Q.
teaching it, right? 11

Correct. 12 A.
Okay.  Now, looking at paragraph 5, there's 13 Q.

some discussion here about your work experience.  14

And I wanted to focus on the stuff about the 15

Pentium.  So it says here that you worked on the 815 16

chipset, right? 17

Yes. 18 A.
And that had a memory controller hub, 19 Q.

right? 20

Yes. 21 A.
Now, that 82815 MCH, memory controller hub, 22 Q.

is register and instruction-based, right?  It does 23

not use descriptors, right?  24

You know, I don't think I have an opinion 25 A.
18

on that.  1

Do you remember how that thing worked?  2 Q.
Many aspects of it, yeah.  I mean, it's 3 A.

about 25 years ago now. 4

Right.  Right.  And so it predates the 5 Q.
patents by a good decade, right? 6

Yes. 7 A.
And so -- I mean, I looked at the data 8 Q.

sheet, and I didn't see any of the sort of 9

descriptor format like that's in the patents.  And 10

so I'm just asking you, do you recall whether or not 11

that memory controller that you list here under your 12

experience had any DMA descriptors or like concepts 13

involved in it.  14

The DMA controllers in the chipset would 15 A.
have been in the I/O Controller Hub.  It would have 16

been ICH -- 17

Uh-huh.  18 Q.
-- 041.  I think both of those were used 19 A.

with the 815 memory controller hub.  20

So it was doing DMA to peripherals?  21 Q.
It had the capability of doing that.  22 A.
Uh-huh.  Now, have you ever written any 23 Q.

papers on direct memory access, DMA?  24

To the best of my recollection, I have 25 A.
19

written papers that relate to DMA, even if they're 1

not specifically about the detailed operation of 2

DMA.  3

Well, relate to DMA how?  4 Q.
Well, what I was thinking of was 5 A.

particularly in the context of a -- of kind of a -- 6

a problem and technique that's known as cache 7

coherence, where there may be copies of memory 8

locations that are stored within a processor, and if 9

another device in the system accesses memory, such 10

as a DMA controller, then under many circumstances 11

it's important to ensure that the same data values 12

are seen at a given location for both the processor 13

and the DMA device.  14

Okay.  So setting aside the sort of DMA as 15 Q.
it relates to other issues like cash coherence 16

and -- and whatnot, have you ever written any papers 17

directly on techniques for direct memory access? 18

I don't -- 19 A.
MR. MORIN:  Objection to form. 20

THE WITNESS:  Yeah, I don't recall doing 21

that. 22

BY MR. JOHANNINGMEIER:23

And I think you have, it looks like, over 24 Q.
30 patents.  Are any of those patents on direct 25

20
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memory access techniques?  1

MR. MORIN:  Objection to form. 2

THE WITNESS:  Again, to the best of my 3

recollection, there would be some issues that would 4

occur in the context of cache coherence with a 5

processor.  6

BY MR. JOHANNINGMEIER:7

But you don't have any patents that relate 8 Q.
to, like, for instance, DMA descriptors or 9

techniques for using them, right? 10

MR. MORIN:  Objection; form. 11

THE WITNESS:  To -- to the best of my 12

recollection, no, I don't have that. 13

BY MR. JOHANNINGMEIER:14

So how many years in total did you work for 15 Q.
Intel? 16

Let's see.  I worked from January '89 to 17 A.
January 2002.  So that would be 13 years.  And for 18

about nine months I was on a leave of absence when I 19

was teaching at Stanford University.  20

And you worked on the Pentium and 21 Q.
associated chipset, right?  22

Yes. 23 A.
I take it the Pentium bug wasn't your 24 Q.

fault, right? 25

21

Well, everyone had some amount of 1 A.
responsibility for trying to ensure the quality of 2

the device.  But, no, I wasn't directly responsible 3

for the design.  4

And then you worked on the Itanium 5 Q.
processor as well?  6

Yes.  Yeah.  I was the comanager for that. 7 A.
Now, since 2002, have you done any 8 Q.

consulting work for Intel? 9

No. 10 A.
And other than this case, have you done 11 Q.

expert work for Intel? 12

I don't believe so.  There were occasions 13 A.
where Intel was a third party, but I was not 14

retained by Intel or doing work for Intel in any 15

case that I can recall. 16

Okay.  And just to clarify one thing here, 17 Q.
now, you were retained by Intel in this case, right?  18

Yes.  Well, the attorneys representing 19 A.
Intel. 20

Right.  Do you have -- have you been 21 Q.
retained by Kioxia as well?  22

No. 23 A.
All right.  Have you spoken with any of the 24 Q.

Kioxia attorneys? 25

22

No. 1 A.
And I think I already asked it, but -- and 2 Q.

maybe in the context of prep, but in -- in preparing 3

this report, did you talk to any engineers at Intel? 4

No. 5 A.
Okay.  So, then, just while we're on this 6 Q.

report, let me just make sure I get your opinion 7

here.  Now, in paragraph 19, so here you're stating 8

the opinion that the DMA descriptors and the DMA 9

controller descriptors of the claims refer to "data 10

structures that include at least a source address, a 11

byte length, and a destination address," right?  12

Yes.  That's what it says.  That's my 13 A.
opinion. 14

So if there's other stuff in addition to 15 Q.
those three things, that's okay, right?  16

Yes.  There quite commonly would be 17 A.
additional information. 18

Right.  And you're not being picky about 19 Q.
the format of the source address or the destination 20

address or the descriptor in general, right?  There 21

could be a variety of different formats, right?  22

Yeah.  I would say that it -- it could be.  23 A.
I don't know if there's anything particular you have 24

in mind.  But it certainly could be -- the data 25

23

could be represented in -- you know, in various 1

ways. 2

Uh-huh.  And so in your opinion, as long as 3 Q.
it has at least those three things, it's -- the 4

claims aren't limited to a particular format or way 5

of presenting those things, right? 6

Yes. 7 A.
MR. MORIN:  Objection; form. 8

THE WITNESS:  Yeah.  9

BY MR. JOHANNINGMEIER:10

Now -- 11 Q.
I'd say -- I'd say it can be represented 12 A.

in -- in certainly various ways.  I can't think of 13

any -- 14

Uh-huh.  15 Q.
-- limitations that would apply.  16 A.
Well, the source address could come first 17 Q.

or second or third in -- in the descriptor.  You 18

wouldn't -- that wouldn't matter, right, as long as 19

it's there?  20

Yeah, that's kind of what I had in mind, 21 A.
that -- that any distinctions like that would be 22

irrelevant.  23

Okay.  Well, now, what if there's a source 24 Q.
address but not a destination address?  Would that 25

24
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meet the claim terms, in your opinion?  1

No.  In my opinion, that would not be a DMA 2 A.
descriptor as -- as claimed and as disclosed by the 3

specification and the -- and the file history. 4

Well, now, the '084 patent doesn't mention 5 Q.
source address right?  6

Do you mean literally expressly source 7 A.
address, or do you mean -- 8

Right.  It doesn't --9 Q.
-- an idea?  10 A.
It doesn't mention a source address 11 Q.

anywhere in the patent.  If we search for the word 12

"source," it doesn't appear in the patent, right? 13

I don't recall that it had it there.  I 14 A.
don't have the patent in front of me to search now. 15

Well, you don't cite anything in your 16 Q.
report where the -- the patent -- so -- and it's 17

actually fairly easy to do, because in your report 18

you only talk about the actual disclosures of the 19

patent, in terms of citing them, in paragraph 18, 20

right?  21

Yes.  22 A.
Okay.  And in paragraph 18, you never cite 23 Q.

any language that actually refers to source 24

addresses or destination addresses, right? 25

25

Well, I do in the -- in the related art 1 A.
that's described in the background section of both 2

patents.  3

Okay.  Well, we'll -- yeah.  So we'll get 4 Q.
to that one.  Now, there you say that it says 5

"'source and target device addresses,'" right? 6

Yes. 7 A.
Okay.  Now, so -- actually, let me ask you 8 Q.

that.  So the source address, can that be -- 9

obviously that can be an address into a memory, 10

right?  11

It -- it -- it can be, although it's not 12 A.
used that way in the patent -- in the patents.  13

But in your -- in your construction, you're 14 Q.
envisioning a source address that would be -- would 15

include a -- a memory address, right?  16

Yes. 17 A.
And what about a device address, like, for 18 Q.

instance, a port that a device lives on?  Would that 19

be a source or a destination address? 20

Could be either, depending on the device 21 A.
and how it's being used. 22

Okay.  So if the DMA descriptor says, you 23 Q.
know, "port 5," that could be a source address?  24

It can be, yes. 25 A.
26

Okay.  And so that's why -- when you say 1 Q.
the related -- the incorporated '146 application, 2

that mentions "'source and target device 3

addresses,'" so I take it that your construction 4

incorporates addresses that are for a device rather 5

than for a memory location, right? 6

Well, a memory location would be in a -- in 7 A.
a device.  For example, it could be a system memory.  8

It could be a local memory.  So there is a device 9

involved in accessing a system memory location.  10

Well, now, devices in a computer system can 11 Q.
be memory mapped, right?  12

MR. MORIN:  Objection; form. 13

THE WITNESS:  Yes, they can be. 14

BY MR. JOHANNINGMEIER:15

So they can have addresses that look just 16 Q.
like the memory addresses, right?  17

Yes, I'd say that's accurate, looking like 18 A.
a memory address. 19

Yeah.  But they can also be not memory 20 Q.
mapped and just addressed through some sort of 21

buffer or port or stream, right?  22

MR. MORIN:  Objection; form. 23

THE WITNESS:  I would say I've seen 24

examples of that, yes. 25

27

BY MR. JOHANNINGMEIER:1

So a device that was addressed through a 2 Q.
buffer or port or stream, would that be a address 3

in -- as you're using it in your construction? 4

Yes.  For example, historically the IBM PC 5 A.
has a separate address space for I/O. 6

Uh-huh.  7 Q.
And the ports would generally be accessed 8 A.

using I/O addresses.  9

Uh-huh.  So, now, if you're going to access 10 Q.
through a port, essentially, and the port number is 11

the address, right -- that's what you're saying, 12

right?  The -- the device port number would be the 13

address in that case, right?  14

MR. MORIN:  Objection to form.  15

THE WITNESS:  Yes.  It would be the -- 16

whatever's the value that specifies the location, 17

and the example I was talking about, yes, there 18

would be an address that identifies a particular I/O 19

device or a port to an I/O device. 20

BY MR. JOHANNINGMEIER:21

Right.  And that address will not change 22 Q.
from transfer to transfer.  I mean, every transfer 23

that goes to that device is going to go through that 24

address, right? 25

28

Case 6:22-cv-00335-ADA   Document 44-18   Filed 12/16/22   Page 8 of 30

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



UNCERTIFIED ROUGH-DRAFT TRANSCRIPT

11/28/2022 02:01:36 PM Page 29 to 32 of 115 8 of 29 sheets

MR. MORIN:  Objection to form.  1

THE WITNESS:  That would generally be the 2

case, yes. 3

BY MR. JOHANNINGMEIER:4

So you could have a DMA descriptor where 5 Q.
the destination address was always the same and 6

always just a port of a particular device that you 7

were trying to DMA to, right? 8

MR. MORIN:  Objection to form. 9

THE WITNESS:  Can I hear that again?  10

BY MR. JOHANNINGMEIER:11

You could have a DMA descriptor with a 12 Q.
destination address that was a port of a device and 13

that always stayed the same for every access to that 14

device, right? 15

Yes.  That -- that's one way the descriptor 16 A.
could represent the information used by -- 17

Right.  18 Q.
-- the controller. 19 A.
So the destination address would be the 20 Q.

same for every single DMA descriptor of that type 21

that was accessing that device, right?  22

MR. MORIN:  Objection; form. 23

THE WITNESS:  You know, it could.  There 24

might be multiple ports that would be used, 25

29

but there would be uses where -- where only a single 1

port was referred to -- 2

BY MR. JOHANNINGMEIER:  3

Uh-huh.4 Q.
-- by the DMA descriptors.5 A.
So if your DMA -- can you -- could you have 6 Q.

a DMA descriptor that was for a particular device, 7

such that you didn't even need to include the 8

destination address, because it's always the same?  9

MR. MORIN:  Objection to form. 10

THE WITNESS:  Well, you still need an 11

address.  You still need a way of locating where 12

that port is within the -- within the system.  And 13

so you do need to have an address for, in that case, 14

a destination port.  15

BY MR. JOHANNINGMEIER:16

Well, the port has an address.  But what 17 Q.
I'm saying is, if you know that your DMA is always 18

and only to that port, why include it in the 19

descriptor?  You could just drop it and save the 20

space, right?  21

MR. MORIN:  Objection to form. 22

THE WITNESS:  Well, it's quite common that 23

the DMA controller would be capable of and would be 24

used with multiple descriptors.  So for one 25

30

particular transfer, it might be going to one device 1

at a certain address, and for another transfer it 2

would be going to a different device at a different 3

address.  So the address needs to be presented in 4

order to select the correct device. 5

BY MR. JOHANNINGMEIER:6

Well, can I have a DMA descriptor of type, 7 Q.
let's just say -- well, let's say you have a -- have 8

a video stream DMA descriptor that's going to send 9

to a video stream port.  All right?  And can I have 10

a descriptor that is designed for DMA to a 11

particular port, such that I don't need to identify 12

the port, because it's actually in the design of the 13

descriptor itself?  14

MR. MORIN:  Objection to form. 15

THE WITNESS:  You know, I don't think that 16

I -- that I understand how that would operate, how 17

the -- the correct data could be read and 18

transferred to the correct destination.  19

BY MR. JOHANNINGMEIER:20

Well, let's go through some stuff, and 21 Q.
maybe we can -- let's look at the patent first.  So 22

I'm going to call up Exhibit 2. 23

(Deposition Exhibit 2 was marked for 24

identification.) 25

31

BY MR. JOHANNINGMEIER:    1

And this is the '084 patent, which I guess 2 Q.
you have in front of you, right? 3

I have a paper copy. 4 A.
Okay.  So it will probably be easier to 5 Q.

look at that.  Do you see it up on the screen? 6

I do.  And let me just download -- 7 A.
Okay.  8 Q.
-- a copy if I need to look at that here.  9 A.
All right.  Well, let me know when you have 10 Q.

it.  11

Oh.  Well, I've got the paper copy here. 12 A.
Oh, okay.  All right.  All right.  Okay.  13 Q.

Like -- I thought you meant you wanted to download 14

it, too. 15

Okay.  So this is the -- one of the two 16

patents.  Now, the two patents you're looking at 17

generally have the same specification, right? 18

Yes, they do. 19 A.
Okay.  So we'll just look at this one as a 20 Q.

stand-in for the two of them for now.  21

Now, will you agree with me that there's 22

nowhere in this patent that actually describes the 23

sort of bitwise format of a descriptor, right?  24

MR. MORIN:  Objection to form. 25

32
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THE WITNESS:  Yes, that is correct.  I 1

mean, it's correct that it doesn't describe it.  2

BY MR. JOHANNINGMEIER:3

Right.  So let's look at column 2.  And I'm 4 Q.
going to look at line I think starting at 52.  Are 5

you there? 6

Yes. 7 A.
So this says, "The POR Sequencer descriptor 8 Q.

contains register information and direct memory 9

access," parentheses, "DMA, controller descriptors," 10

right? 11

Yes. 12 A.
So the controller descriptors are part of 13 Q.

the POR sequencer descriptor, right? 14

Yes, they are.  15 A.
Uh-huh.  Now, and then going down to line 16 Q.

61, this says that "The POR Sequencer Descriptor," 17

of which the DMA descriptors are a part, as we just 18

established, "of the current invention is not 19

limited to a single data structure," right? 20

Yes, that's what it says. 21 A.
Right.  So the patent is explicitly saying 22 Q.

that there's not one given format; that a number of 23

possible structures are contemplated, right?  24

Yes. 25 A.
33

Okay.  And you don't disagree, right -- 1 Q.
with that, right?  I mean, there could be a number 2

of different structures.  You're just opining that 3

it has to include each of those three things that 4

you said, right?  5

Can you ask a more specific question?  6 A.
We're talking about "it," and -- 7

Ah.  Yeah, fair enough.  So the -- the -- 8 Q.
you agree that the DMA descriptors of this patent 9

can be in a variety of formats so long as, in your 10

opinion, they include the source address, 11

destination address, and byte count, right? 12

Yes, that's my opinion.  13 A.
Okay.  Now, over here in column 1, there's 14 Q.

a mention of the '146 patent application 15

publication, right? 16

Yes. 17 A.
Okay.  And you talk about that some in your 18 Q.

report at paragraph 18, right? 19

Yeah, I do cite to it.  Yes. 20 A.
Yeah.  So let's look at that.  That will be 21 Q.

Exhibit 3.  If we can get that up on the screen. 22

(Deposition Exhibit 3 was marked for 23

identification.) 24

BY MR. JOHANNINGMEIER:   25

34

Okay.  And this one sounds like -- if you 1 Q.
want to download it, go ahead, since you don't have 2

this one in paper, I take it.  3

Yeah.  I'm doing that -- 4 A.
Okay.  5 Q.
I'm doing that now.  And I will call it up, 6 A.

just in case it -- okay.  I have it up on -- if I 7

need it, I have it on Adobe Acrobat on my computer.  8

Okay.  So -- and then I think you had 9 Q.
mentioned that you wanted to cite the range from 10

0052 to 0055 in terms of paragraphs.  So let's go to 11

paragraph 0054.  12

Are you there?  13

I'm just getting there.  14 A.
Yes.  Okay.  15

THE VIDEOGRAPHER:  What page is that?  16

MR. JOHANNINGMEIER:  Oh, it's page 4.  It's 17

paragraph 0054.  18

I mean, I don't -- I don't know.  It's 19

page -- sorry.  It's not page 4 of the PDF, but 20

it's -- let's see.  Let me call it up, and I can 21

tell you what the PDF page is.  Oops. 22

Yeah, PDF page 15 through 16.  23

Okay.  So paragraph 0054 is -- we sort of 24 Q.
already talked about it.  This is where it mentions 25

35

the "source and target device addresses," right?1

Yes.2 A.
Okay.  And we've talked about how device -- 3 Q.

a device address, such as a port number, could be 4

the source and destination address of your 5

construction, right?6

MR. MORIN:  Objection to form.  7

THE WITNESS:  Yes, it can.8

BY MR. JOHANNINGMEIER:   9

Okay.  Now, this also says that "The DMA 10 Q.
engine reads from the first page of the flash 11

memory," right? 12

Yes.  13 A.
So it always starts at the first page, 14 Q.

right?  15

I don't know if -- if your question is 16 A.
implying that it must be the very first word of a -- 17

a flash memory chip or whether it's just the -- or 18

the first page associated with, in this case, the 19

source address. 20

Well, so this paragraph is referring to 21 Q.
a -- this one was referring to figure 7?  Yes.  22

So this is referring to figure 7, right?  23

Yeah.  It is, yes.  24 A.
Okay.  And so in figure 7, there's a step 25 Q.

36
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106, "Start DMA Engine," right?  1

Let me get back there.  Figure 7.  2 A.
Figure 7.  Yeah, "Start DMA Engine." 3

Okay.  And then the very next step is 108, 4 Q.
and that says read from first page of flash memory 5

and write to main memory of the microcontroller, 6

right? 7

Yes, that's what it says. 8 A.
And then going back to 0054, it also says 9 Q.

that.  It says, "The DMA engine reads from the first 10

page of the flash memory, starting with the first 11

data word, step 108," right? 12

Yes. 13 A.
So in this particular application, it is 14 Q.

always starting with the first word of the first 15

page of the flash memory, right?  16

No.  I believe in this case there is a 17 A.
source address, and the read will occur from the -- 18

the beginning of a -- of a page identified by the 19

source address.  20

Well, if there is a source address, what 21 Q.
this paragraph is saying is that that source address 22

is going to be the first word of the first page of 23

flash memory, right? 24

MR. MORIN:  Objection to form. 25

37

THE WITNESS:  It is saying it would be 1

the -- the first page, but I don't think that it 2

would be telling a person of ordinary skill in the 3

art that it has to be the first page of the entire 4

flash memory; rather, that it would be the first 5

page at the source.  6

BY MR. JOHANNINGMEIER:7

Well, so the actual language here, just to 8 Q.
be clear, says, "The DMA engine reads from the first 9

page of the flash memory, starting with the first 10

data word," right? 11

Yes.  That's what it says. 12 A.
Uh-huh.  So a person reading that could 13 Q.

reasonably conclude that it was saying you're always 14

going to start from the first word of the first page 15

of the flash memory, right, because that's literally 16

what the words say?  17

MR. MORIN:  Objection to form. 18

THE WITNESS:  That's -- that is one 19

interpretation, that it is the very first word of 20

the flash memory.  You know, I believe a person of 21

ordinary skill in the art would understand that the 22

bootloader does not have to be at the very first 23

page, but that that information could be specified, 24

in fact, as the source address.  25

38

BY MR. JOHANNINGMEIER:1

Well, so it could be specified as a source 2 Q.
address.  But you could design a system that always 3

booted from location zero, right?  4

MR. MORIN:  Objection; form. 5

THE WITNESS:  Yes, that's possible.  6

BY MR. JOHANNINGMEIER:7

Uh-huh.  And in that case, the source 8 Q.
address would be completely redundant, because in 9

that system it would always boot from location zero, 10

and so having a field location zero would be 11

redundant, right?  12

MR. MORIN:  Objection to form. 13

THE WITNESS:  No, I don't think it would be 14

redundant.  I mean, the DMA engine has the 15

capability of transferring from different locations.  16

And this is saying that in the example that -- 17

hypothetical example that you gave where it was 18

always booting from location zero, then it would be 19

important to tell the DMA device, through the 20

descriptor, that the source address is in fact that 21

location.  22

BY MR. JOHANNINGMEIER:23

Well, why do you need a descriptor to do 24 Q.
that?  Why not just hardwire it or have it in a 25

39

register?  1

Well, you wouldn't want to hardwire it, 2 A.
because this DMA engine could have many different 3

applications.  It might not be used only for 4

booting.  It might be used for booting other 5

systems.  And you wouldn't want that information 6

that was specific to the booting of one particular 7

system -- you wouldn't want that to be hardwired 8

into the logic of the DMA engine.  9

Well, I understand that -- you know, that 10 Q.
you might have a design reason why you -- you 11

personally might not want to do that.  But it is 12

certainly possible to design a system that way, 13

right? 14

MR. MORIN:  Objection to form. 15

THE WITNESS:  It would be possible to 16

design a system that way.  And I don't believe in 17

the case where the DMA engine was hardwired that it 18

would in fact be using a descriptor.19

(Discussion off the record.) 20

THE WITNESS:  So it would not be using a 21

descriptor.  It would be logic that would be 22

programmed into the DMA engine. 23

BY MR. JOHANNINGMEIER:24

Well, like, for instance, it could be a set 25 Q.
40

Case 6:22-cv-00335-ADA   Document 44-18   Filed 12/16/22   Page 11 of 30

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



UNCERTIFIED ROUGH-DRAFT TRANSCRIPT

11 of 29 sheets Page 41 to 44 of 115 11/28/2022 02:01:36 PM

of registers or logic like the 82815 MCH that was in 1

the Pentium chipset, right?  It didn't use 2

descriptors, right?  3

Maybe just either repeat that or rephrase 4 A.
it.  I lost track of what -- 5

Well, I mean, earlier I asked you about the 6 Q.
82815 MCH chip that's in the -- the Pentium chipset 7

that you worked on and whether or not it used 8

descriptors.  And I was positing that it did not.  9

And so what I guess I'm suggesting now is that 10

that -- there is a way you could do it without 11

descriptors, by hardwiring or by putting the 12

addresses in a register or in some sort of executed 13

code or -- there's other methods besides 14

descriptors, right? 15

MR. MORIN:  Objection; form. 16

THE WITNESS:  I would say, yes, that I can 17

imagine some other methods, such as hardwiring. 18

(Discussion off the record.) 19

THE WITNESS:  I -- yes, I can imagine that.  20

It's -- that is not what's disclosed by the '084 21

patent. 22

BY MR. JOHANNINGMEIER:23

Well, the '084 patent doesn't say either 24 Q.
way, right?  It doesn't say that there's a source 25

41

address at all? 1

No, but -- but it does say that the 2 A.
power-on sequence -- the power-on sequencer -- the 3

power-on reset sequencer does copy the descriptor 4

information into the registers of the DMA 5

controller.  6

Sure.  But it doesn't say what that 7 Q.
information is, and, for instance, it does not say 8

that it includes a source address, right?  9

MR. MORIN:  Objection to form. 10

THE WITNESS:  Well, it does point 11

particularly to this application that we're looking 12

at now and does identify that that is a DMA 13

controller from the prior art that's shown in 14

figure 1 -- 15

BY MR. JOHANNINGMEIER:16

Right.  And so when we looked -- 17 Q.
-- of the '084 patent. 18 A.
Yeah.  Right.  So when we looked at that 19 Q.

example in the '146 application, it -- that's how we 20

got to the source address that's potentially always 21

zero, right?  22

MR. MORIN:  Objection; form, and 23

mischaracterizes testimony.  24

THE WITNESS:  It could be zero.  And it 25

42

tells us that a descriptor does have the source 1

address.  2

BY MR. JOHANNINGMEIER:3

So in the case where the source address was 4 Q.
always the same in a given design or fixed in a 5

given design, couldn't there be a descriptor that 6

had a destination and a transfer length but left out 7

the source address? 8

MR. MORIN:  Objection to form. 9

THE WITNESS:  You know, it's a -- a 10

hypothetical question.  I haven't -- I haven't 11

really thought a lot about that.  I would say that 12

that would be in conflict with the disclosure of the 13

'084 patent. 14

BY MR. JOHANNINGMEIER:15

How?  16 Q.
Well, because the '084 patent does tell us 17 A.

that the DMA descriptors are used to copy fragments 18

from a storage device to RAM, and it does tell us 19

that the descriptor does have a pointer into the 20

storage device.  So it does tell us that there is a 21

source address that's specified in the descriptors.  22

Okay.  Where -- where are you referring to 23 Q.
in the '084 patent when you talk about pointers?  24

There's a number of places.  Let's just 25 A.
43

look in paragraph 18 of my declaration.  1

Okay.  So in paragraph 18, you say that the 2 Q.
descriptors -- "the patents refer to" the 3

"descriptors as 'pointing to' particular 4

information," right?  And you say "For example."  Is 5

that what you're talking about?  6

Yes.  For example, in the -- let's see, the 7 A.
summary of the invention, it does say the DMA 8

descriptor points to, in this case, "a system 9

firmware fragment."  And then it will transfer the 10

system firmware to the RAM.  11

MR. MORIN:  Counsel, we've been going for 12

over an hour.  This might be a good time to take a 13

break.  14

MR. JOHANNINGMEIER:  Yeah, that's fine.  15

How long do you want?  16

MR. MORIN:  Oh, ten minutes.  Is that all 17

right?  18

MR. JOHANNINGMEIER:  Fine. 19

THE VIDEOGRAPHER:  Going off -- 20

THE WITNESS:  Could we go -- 21

THE VIDEOGRAPHER:  -- the record, the time 22

is -- 23

THE WITNESS:  Could we go -- 24

THE VIDEOGRAPHER:  Excuse me.  25

44
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THE WITNESS:  -- 15?  I --1

MR. JOHANNINGMEIER:  Yes.  2

THE WITNESS:  Yeah.  3

THE VIDEOGRAPHER:  Let me get off the 4

record real quick.  5

THE WITNESS:  I'm not -- 6

THE VIDEOGRAPHER:  Going off the record, 7

the time is 11:10 a.m. 8

(Recess taken.) 9

THE VIDEOGRAPHER:  Going back on the 10

record, the time is 11:28 a.m.  This marks the 11

beginning of media number 2.  Please continue.  12

BY MR. JOHANNINGMEIER:13

Okay.  Welcome back.  14 Q.
Now, before the break, we were looking at 15

this '146 application, which is Exhibit 3.  So I 16

want to go to paragraph 0055 of that for a minute.  17

And that's going to be PDF paragraph -- page 15, it 18

looks like.  19

Okay.  Do you have that? 20

Oh, yeah, I see it. 21 A.
Okay.  And so I just want to ask you about 22 Q.

the first sentence here.  It says, "Data words 23

continue to be transferred by the DMA engine until 24

the initial transfer length is reached, step 110."  25

45

Do you see that? 1

Yes. 2 A.
So this particular example is using data 3 Q.

words, not bytes, right?  4

I don't see that here.  I don't know if 5 A.
there's a particular -- 6

Well, it's referring to data words.  So it 7 Q.
says in the previous paragraph "starting with the 8

first data word," and then in this paragraph, "Data 9

words continue to be transferred by the DMA...until 10

the transfer length is reached." 11

Okay. 12 A.
But -- so this appears to be operating at 13 Q.

the granularity of words rather than individual 14

bytes, right? 15

Yeah.  For a given machine, though, you 16 A.
know, a word might be a byte.  17

Uh-huh.  But a word might be four bytes or 18 Q.
two, right?  19

It could be.  20 A.
Uh-huh.  21 Q.
And -- and the length could be specified 22 A.

either as the number of words or the number of 23

bytes. 24

Okay.  Well, that was my ultimate question 25 Q.
46

here, because your -- your construction says "byte 1

count," right, in your report?  You said that there 2

had to be a byte count?  3

Yes.  4 A.
Okay.  So if it's a word count -- and let's 5 Q.

just say words are two bytes for this example.  If 6

it's a word count instead of a byte count, does that 7

still meet your construction?  8

I would say that the DMA descriptor would 9 A.
include a -- a length of the transfer, but a person 10

of ordinary skill in the art would -- would 11

understand the descriptor could have that length 12

specified as a byte or some multiple of bytes, such 13

as particular size of word.  14

Okay.  So you're not trying to claim that a 15 Q.
person of ordinary skill would understand "byte 16

count" but not "word count," right?  They -- they'd 17

be fine if it's a word count or a double word count, 18

right?  19

Yes, which would in fact be specifying a 20 A.
length in bytes. 21

Uh-huh.  22 Q.
It would just be a longer length.  For 23 A.

example, it would be twice the length in bytes or 24

twice the -- four times the length if it were 32-bit 25

47

words. 1

Right.  Okay.  Well, let me ask a couple 2 Q.
more questions on that line.  3

So -- I mean, you're familiar with, I take 4

it, in -- the concept of sectors in, like, storage 5

systems, right? 6

Yes. 7 A.
So like in a given system, a sector might 8 Q.

be 512 bytes, for instance, right? 9

MR. MORIN:  Objection to form. 10

THE WITNESS:  Yes.  11

BY MR. JOHANNINGMEIER:12

Uh-huh.  13 Q.
Yes.14 A.
So would a transfer length that was 15 Q.

expressed as a sector count also be a byte count in 16

your construction?  I'm assuming yes, but I just 17

wanted to make sure.  18

MR. MORIN:  Objection to form. 19

THE WITNESS:  You know, it's not something 20

I've thought about before or seen an example of.  21

But hypothetically, if the length were specified as 22

a -- a disk sector, then I believe that would 23

satisfy the requirements of a DMA descriptor. 24

BY MR. JOHANNINGMEIER:25

48
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Okay.  Right.  Because, I mean, in a given 1 Q.
system, the sector size is known, so if you say two 2

sectors and the system knows that it's 512-byte 3

sectors, then it knows that that's 1028 bytes, 4

right?  5

MR. MORIN:  Objection to form. 6

THE WITNESS:  You said -- if there are, 7

what, 512 bytes, then two would be 1024.  8

BY MR. JOHANNINGMEIER:9

Oh, sorry.  10 Q.
Yeah.  Okay.  I thought that's probably 11 A.

what you meant.  12

I'm rusty on my powers of two.  13 Q.
No, that's -- yeah, I just automatically 14 A.

recognize the things that are power of two. 15

Yes.  Yes.  I -- I -- I -- I used to.  I 16 Q.
can't believe I said that wrong, but -- okay.  So 17

just to ask the clean question again, if -- 18

Sure. 19 A.
If there's a known sector size of 512 bytes 20 Q.

and you have a transfer length of two sectors, or 21

1024 bytes, that would qualify as a byte count under 22

your construction, right?  23

Yes, it would.  24 A.
Okay.  So you're not trying to limit it to 25 Q.

49

it being specified in -- as only bytes.  It -- 1

something but -- from which bytes can be derived is 2

okay.  Right? 3

Yeah, I would say generally.  I don't know, 4 A.
at least -- certainly for the examples you gave, I 5

think that would satisfy being a DMA descriptor.  6

Uh-huh.  So if we were to change your 7 Q.
construction to, instead of "byte count," say 8

"transfer size" or "transfer length," I assume you 9

wouldn't have any objection to that.  Is that right? 10

MR. MORIN:  Objection; form. 11

THE WITNESS:  You know, as sitting here 12

right now, not having thought about it before, you 13

know, I would say I don't, you know, at the moment 14

see any problem with that.  15

BY MR. JOHANNINGMEIER:16

Uh-huh.  Okay.  Now, now I want to ask you 17 Q.
about one of the documents that you had discussed in 18

your report and attached to it.  So I'm going to ask 19

for Exhibit 4, which is, I believe, Exhibit D to 20

your declaration. 21

(Deposition Exhibit 4 was marked for 22

identification.) 23

BY MR. JOHANNINGMEIER:    24

Do you recognize this?  25 Q.
50

Yes.  1 A.
Okay.  So this is a excerpt from a book 2 Q.

called "Embedded Hardware, know it all," right? 3

Yes, it is. 4 A.
Okay.  Now, let's go to page -- and in your 5 Q.

report, you say this is an example of something that 6

a person of ordinary skill would reference and it's 7

an example of what they would understand about DMA 8

descriptors, right?  9

I'm just looking for where I might have 10 A.
said that.  Is there a particular -- 11

Well, so starting in paragraph 14 of your 12 Q.
report, you -- you have at least one, maybe two 13

paragraphs discussing this.  It looks like just one.  14

So paragraph 14.  You're citing this textbook as -- 15

oh, sorry.  Is that -- yeah, at the bottom of page 5 16

of your report:  "The Embedded Hardware industry 17

reference book...attached as Exhibit D, illustrates 18

typical DMA flows."  Right? 19

Yes. 20 A.
So you're saying that this is showing 21 Q.

typical DMA flows that would be understood by a 22

person of ordinary skill, right? 23

Yes.  That's what it shows. 24 A.
All right.  And then you have a figure here 25 Q.

51

in your report, figure 5.17.  And let's go to that 1

in Exhibit 4.  And that's at page 216, or with the 2

Bates number at the bottom it's 33172.  3

There it is.  You see that on the screen?  4

Oh.  Yeah.  I was looking on mine.  But, 5 A.
yes, I see it on the screen, too. 6

Okay.  All right.  So, yeah, I mean, either 7 Q.
way, whether you want to download it and look at it 8

or look at it on the screen.  So this is the same 9

figure that you have in your report at paragraph 14, 10

right?  11

Right.  12 A.
So -- now, and this is showing three 13 Q.

different examples of memory flows, two of which are 14

from memory to a peripheral or from a peripheral to 15

memory, and then the last one being memory to 16

memory, right?  17

Yes.  18 A.
So a person of ordinary skill would 19 Q.

understand that you can have a DMA engine that's 20

transferring from one memory to another, right, like 21

example (c) here? 22

Yes.  That's one application.  23 A.
Uh-huh.  And another application would be 24 Q.

using the DMA to transfer from memory to a 25

52
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peripheral, right?  1

Yes.  2 A.
And in these examples given here, it's 3 Q.

showing transferring from memory to a FIFO buffer, 4

"FIFO" standing for "first in, first out," in a 5

peripheral, right?  6

MR. MORIN:  Objection; form. 7

THE WITNESS:  Yes, it is.  8

BY MR. JOHANNINGMEIER:9

Now, when writing to a FIFO in a 10 Q.
peripheral, you're always writing to basically the 11

same address, right, that's sort of the head of the 12

FIFO?  13

Yes.  That's -- that's the way I'm familiar 14 A.
with these devices operating. 15

Uh-huh.  So in these first two examples 16 Q.
given here, the -- one of the addresses, the address 17

that's -- that is referencing the FIFO, would 18

basically be fixed, right?  19

MR. MORIN:  Objection to form. 20

THE WITNESS:  Every time it was going to 21

the same peripheral, then it would be using the same 22

address. 23

BY MR. JOHANNINGMEIER:24

Uh-huh.  And we talked about that a little 25 Q.
53

bit earlier, right? 1

Well, we talked about something like that, 2 A.
yes. 3

Uh-huh.  Okay.  So now I want to go over 4 Q.
to -- I guess, two pages, to page 218, which is 5

33174, and look at the bottom section here, 6

"Programming the DMA Controller."  Do you see that?  7

Yes.  8 A.
Now, I think that here -- the first 9 Q.

sentence here says that "In the simplest MemDMA 10

case," which I think is referring to the 11

memory-to-memory case, "we need to tell the DMA 12

controller the source address, the destination 13

address and the number of words to transfer," right?  14

MR. MORIN:  Objection; form. 15

THE WITNESS:  Yes.  16

BY MR. JOHANNINGMEIER:17

So that's 100 percent square on with your 18 Q.
construction, right?  It has a source address, a 19

destination address, and a transfer in a number of 20

words, which we've said is equivalent to a byte 21

count, right?  22

Yes.  23 A.
MR. MORIN:  Objection; form.  24

BY MR. JOHANNINGMEIER:25

54

Okay.  Now, the very next sentence says, 1 Q.
"With a peripheral DMA, we specify either the source 2

or the destination, depending on the direction of 3

the transfer," right?  4

MR. MORIN:  Objection to form. 5

THE WITNESS:  Yes, that's what it says. 6

BY MR. JOHANNINGMEIER:7

So this is saying that with a peripheral 8 Q.
DMA, such as writing to a FIFO buffer in a 9

peripheral, you can either -- have either the source 10

or the destination.  Depending on the definition, 11

you don't actually need the other one, right?  12

MR. MORIN:  Objection; form. 13

THE WITNESS:  No, I don't believe it's 14

saying that.  15

BY MR. JOHANNINGMEIER:16

It's saying "either the source or the 17 Q.
destination" is specified," right? 18

Yes.  And I believe it's in the context of 19 A.
the peripheral DMA, where it would be referring to 20

the fact that you'd need to identify whether the 21

peripheral was the source or the destination.  22

Right.  But if -- if you're doing a DMA 23 Q.
from memory to the peripheral, so the peripheral is 24

the destination, you have to have the source address 25

55

in memory specified, of course, but, as we 1

established, the destination address is always the 2

same.  And this is telling a person of ordinary 3

skill they don't need the destination address, 4

because it's always the same, right?  5

MR. MORIN:  Objection; form. 6

THE WITNESS:  No, I don't believe it's 7

saying that.  If we -- for example, if we look just 8

above, the paragraph above that, the first sentence 9

says, "For any type of DMA transfer, we always need 10

to specify starting source and destination addresses 11

for data."  12

And what it's -- what I believe it's 13

saying -- where -- where you mentioned is 14

distinguishing between memory-to-memory DMA and 15

peripheral-to-memory DMA, where in the 16

memory-to-memory DMA, both the source and 17

destination addresses would increment.  And for the 18

peripheral-to-memory DMA, the source address would 19

not increment.  Only the destination would 20

increment.  And so that's why you need to identify 21

whether the peripheral is the source or the 22

destination.  23

BY MR. JOHANNINGMEIER:24

Right.  But this paragraph also says that 25 Q.
56
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when the peripheral is the source, "a memory 1

location...serves as the destination address."  And 2

then it says, "When the peripheral serves as the 3

destination, a memory location...serves as the 4

source address," right?  5

That's what it -- that's what it says?  6

The -- so we're looking now at the second 7 A.
paragraph of this section?  8

Right.  You pointed us to that paragraph, 9 Q.
saying -- 10

Okay. 11 A.
-- that you always need to specify the 12 Q.

starting source and destination.  But this paragraph 13

also says that in the peripheral example, the -- 14

either the source or the destination address is 15

going to be a memory location, right?  16

MR. MORIN:  Objection to form. 17

THE WITNESS:  Yes.  18

BY MR. JOHANNINGMEIER:19

As in not part of the DMA descriptor; a 20 Q.
separate memory location.  Right?  21

MR. MORIN:  Objection to form. 22

THE WITNESS:  No.  It -- that would be part 23

of a descriptor.  24

BY MR. JOHANNINGMEIER:25

57

Where does it say that?  It doesn't say 1 Q.
that.  2

It's always the same.  So it's stored in a 3

memory location.  You don't need it in the 4

descriptor.  Right?  5

MR. MORIN:  Objection; form. 6

THE WITNESS:  So let's just take a look.  7

It says, "When the peripheral serves as the source," 8

which is the usage model in the '084 and '694 9

patents.  So when the peripheral serves as the 10

source, then the destination is a memory location.  11

That's just describing a characteristic of -- of the 12

DMA, right?  13

BY MR. JOHANNINGMEIER:14

Well, it's describing that there's a memory 15 Q.
location that contains, for example, the port 16

address or the pointer to the head of the FIFO, but 17

basically the constant destination address is stored 18

in a memory location, right?  That's what it's 19

describing? 20

No, I don't -- 21 A.
MR. MORIN:  Objection; form. 22

THE WITNESS:  I don't see that at all.  It 23

says "a memory location...serves as the destination 24

address."  So you're moving from a peripheral to 25

58

memory, and, as in the patent, you'd be moving from 1

a storage device to the RAM.  And the peripheral is 2

serving as a source, and the memory is the 3

destination.  4

BY MR. JOHANNINGMEIER:5

Okay.  So -- all right.  I see what you're 6 Q.
saying.  So now -- but then in the previous 7

sentence, it says, "In the case of a peripheral DMA, 8

the peripheral's FIFO serves as either the source or 9

the destination," right?  10

Yes.  11 A.
Now, the peripheral's FIFO is at a 12 Q.

constant, fixed location.  You already agreed with 13

me on that one, right?  14

MR. MORIN:  Objection; form. 15

THE WITNESS:  You know, it would be -- for 16

a specific device it would be fixed.  But there can 17

be other devices that are used for the DMA 18

transfers.  19

BY MR. JOHANNINGMEIER:20

Right.  But if you had a DMA channel that 21 Q.
was dedicated to a particular device, it would 22

essentially always be addressing the FIFO or writing 23

to the FIFO in the same place, right? 24

MR. MORIN:  Objection. 25

59

THE WITNESS:  In this example, yes.  1

BY MR. JOHANNINGMEIER:2

Uh-huh.  Okay.  So if you put that address 3 Q.
in your descriptor, you're wasting space.  It's 4

redundant.  Right?  Because it's -- 5

MR. MORIN:  Objection; form. 6

BY MR. JOHANNINGMEIER:7

-- always the same in that dedicated case. 8 Q.
No, I don't believe there'd be a concern of 9 A.

wasting, for example, a word of memory.  You'd want 10

the -- the DMA device to be work -- to be operating 11

with other peripherals.  You wouldn't want to see it 12

used only for boot.  You'd want to be able to access 13

other -- a software, operating system software, 14

applications software, and to use the storage device 15

for -- also for a file system.  16

So is it your testimony that you have never 17 Q.
seen an example of a DMA descriptor that just had 18

one of a source or a destination address and left 19

the other one off because it was writing to a known 20

location or reading from a known location?  Have you 21

ever seen that? 22

I don't recall ever seeing it. 23 A.
Okay.  Well, let's look at Exhibit 5. 24 Q.
(Deposition Exhibit 5 was marked for 25

60
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identification.) 1

BY MR. JOHANNINGMEIER:    2

I pulled this off the Web.  So this is 3 Q.
something called an Embedded Peripherals IP User 4

Guide.  Have you happened to see this before?  I 5

mean, I wouldn't expect it, but I'll just ask.  Have 6

you seen this before? 7

Possibly.  I don't recall.  8 A.
Okay.  So -- but you understand what 9 Q.

embedded peripherals are in the context of Intel's 10

sort of chipsets, right? 11

I would expect I do.  12 A.
Okay.  So let's go to page 421.  I think 13 Q.

that's PDF page -- well -- sorry, I have to call 14

this one up.  I didn't print the whole thing out.  15

So let me call it up.  16

Yes, 421, PDF page 421, which is also page 17

421 at the bottom right corner.  18

Can you see that?  19

Not well.  But I think I've got -- 20 A.
Okay.  I'm looking down at the bottom.  21 Q.

There's a "DMA Descriptor Structure," right? 22

Let me call up my own copy.  23 A.
Here, he's blowing it up a bit, too, so -- 24 Q.
Okay.  I can see that now.  25 A.

61

Uh-huh.  Now, this one has -- this "DMA 1 Q.
Descriptor Structure" in table 347 has a "source" 2

and a "destination" and a "bytes_to_transfer," 3

right?  4

Yes.  5 A.
So, again, this is right on with your 6 Q.

construction.  You don't have any problem with this 7

one, right?  8

MR. MORIN:  Objection; form. 9

THE WITNESS:  No, I mean, I -- I would 10

assume where it says "source" and "destination," 11

those correspond to the addresses.  12

BY MR. JOHANNINGMEIER:13

Uh-huh.  So let's look at the next page, 14 Q.
422.  15

MR. MORIN:  Just a comment here.  16

Dr. Alpert, make -- you know, make sure -- take the 17

time you need to look at other pages, you know, in 18

the reference, or in the exhibit.  19

THE WITNESS:  Okay.  20

BY MR. JOHANNINGMEIER:21

Yeah.  Yeah, take your time to review.  I'm 22 Q.
not trying to do any kind of surprise here.  I want 23

to -- I want to actually be careful about it.  24

So on the next page, at the top, there's 25

62

a -- there's a -- you mentioned you -- you know, you 1

wanted to know what those fields were described at.  2

So here we've got "source" and "destination," and it 3

says it specifies the address of the "data to be 4

read" or the address of "which data should be 5

written," right?  6

MR. MORIN:  Objection; form. 7

THE WITNESS:  Yes.  8

BY MR. JOHANNINGMEIER:9

Okay.  And so, then -- now, I'm considering 10 Q.
with the next sentence in either of those 11

descriptions, which says that, in the case of the 12

source, "This address is set to 0 if the input 13

interface is an Avalon-ST interface."  Do you see 14

that? 15

Yes. 16 A.
So in the case of an Avalon-ST interface, 17 Q.

the source is always zero, right?  18

That's what it says, yes. 19 A.
And then for destination, it says the same 20 Q.

thing, the "address is set to 0 if the output...is 21

an Avalon-ST interface," right? 22

Yes, that's what it says. 23 A.
So, now, an Avalon-ST interface is a 24 Q.

stream, right?  Or -- well, let me ask you.  Do you 25

63

know what an Avalon-ST interface is? 1

No. 2 A.
Okay.  Well, what if I represent to you -- 3 Q.

let's look.  We can look at page 27.  4

So at the top here, it says, "The Avalon 5

Streaming," or "Avalon-ST, Multi-Channel Shared 6

Memory FIFO core is a FIFO buffer with Avalon-ST 7

data interfaces."  Do you see? 8

I see it. 9 A.
So this is an example where a -- the 10 Q.

destination or source of the data in the DMA 11

transfer is a FIFO buffer, right, for a stream?  12

MR. MORIN:  Objection to form. 13

THE WITNESS:  It does say it's a FIFO 14

buffer.  15

BY MR. JOHANNINGMEIER:16

Uh-huh.  And it calls it an "Avalon 17 Q.
Streaming" interface, right?  18

I does say it's an Avalon Streaming shared 19 A.
memory for an Avalon-ST data interface.  20

And so we can also -- if you would like, 21 Q.
just to make that even clearer, we can go to page 22

453.  23

So this is just a discussion at the 24

bottom -- this is a "Video Sync Generator," but this 25

64

Case 6:22-cv-00335-ADA   Document 44-18   Filed 12/16/22   Page 17 of 30

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



UNCERTIFIED ROUGH-DRAFT TRANSCRIPT

17 of 29 sheets Page 65 to 68 of 115 11/28/2022 02:01:36 PM

is where I got the streaming part as well.  At the 1

bottom, under "Functional Description," it talks 2

about an Avalon-ST input interface to an on -- 3

"off-chip display controller."  So this is basically 4

using an Avalon-ST interface for a video stream.  5

You see that?  6

MR. MORIN:  Objection; form. 7

THE WITNESS:  I don't see where it -- where 8

it says it's this Avalon stream.  Is -- am I just 9

missing it? 10

BY MR. JOHANNINGMEIER:11

Well, so under "Functional Description," at 12 Q.
the bottom, it calls it an Avalon-ST, which we just 13

saw was Avalon streaming, right?  14

And then if you look at figure 123, it 15

shows the placement.  You have a video buffer going 16

through basically a DMA to a FIFO, right?  17

MR. MORIN:  Objection to form. 18

THE WITNESS:  Can I hear the question 19

again?  20

BY MR. JOHANNINGMEIER:21

Well, basically I -- you know, I went to 22 Q.
this page in the -- you know, just in an attempt at 23

fairness, to -- making sure that you understood 24

what's going on.  But I guess the question would be 25

65

that, you know, what this is showing here is, 1

particularly in figure 123, an Avalon-MM, or -- or 2

basically a memory video buffer, going through a DMA 3

to what's in yellow here as an Avalon-ST, which is 4

an Avalon Streaming Interface with a FIFO.  So it's 5

a DMA from an Avalon-MM video buffer to a Avalon-ST 6

FIFO, right? 7

MR. MORIN:  Objection; form. 8

THE WITNESS:  Yeah, I've -- I've never seen 9

this -- I haven't seen this document or this level 10

of -- of detail before, so I don't -- I don't think 11

that I'd want to sit here now and try to -- I would 12

be just speculating about what these different terms 13

mean.  14

BY MR. JOHANNINGMEIER:15

Well, now, in your report, in paragraph 14, 16 Q.
you showed figure 5.17 from that document, and 17

example A was a memory with a DMA to a FIFO in a 18

peripheral, right?  19

Yes. 20 A.
Now, would you agree with me that that's 21 Q.

pretty much what's shown here in figure 123?  22

There's a video buffer with a DMA into a FIFO?  23

MR. MORIN:  Objection; form. 24

THE WITNESS:  No.  I don't have enough 25

66

information, you know, to answer one way or another.  1

BY MR. JOHANNINGMEIER:2

Well, if I were to put this -- the first 3 Q.
three boxes in this diagram next to the one that's 4

in your report, it's going to look pretty similar, 5

right?  6

MR. MORIN:  Objection to form. 7

THE WITNESS:  You know, it -- it might look 8

similar.  For example, I don't -- I don't know what 9

the -- what the "Video Buffer" is.  You know, is 10

that actually from a -- a peripheral device, a video 11

capture?  It doesn't tell us whether that's, you 12

know, part of system memory or that's a peripheral 13

on its own.  14

BY MR. JOHANNINGMEIER:15

Okay.  Well, let's go -- I mean, let's go 16 Q.
back, then -- without getting too hung up on what 17

Avalon-ST means, back to 422, and table 348, so page 18

422.  19

And I think we already got here, but let's 20

just reconfirm.  This is showing a DMA descriptor 21

with a source and a destination wherein, for an 22

Avalon-ST interface, at least, one of the addresses 23

is going to always be set to zero, right, depending 24

on whether it's a read or a write? 25

67

That's what it -- it says here.  I haven't 1 A.
seen this before.  I don't know the whole context.  2

Sure.  I just -- we started this with, you 3 Q.
know, "Have you ever seen an example?"  And so what 4

we have here is an example of where there is a 5

source address field and a destination address 6

field, but one of those may be hardwired or always 7

set to zero for a particular streaming interface, 8

right? 9

MR. MORIN:  Objection to form. 10

THE WITNESS:  You know, what I see it 11

saying is -- is it specifies -- for example, the 12

source specifies the address of the data to be read.  13

And then it indicates that the address is zero for 14

an Avalon-ST interface.  So it -- that may just be 15

indicating that the address is zero for the 16

Avalon-ST interface and it takes other values for 17

other types of interfaces.  18

BY MR. JOHANNINGMEIER:19

Well, I think that's exactly what it says.  20 Q.
But if you are doing an Avalon-ST interface, such as 21

in the example in 453, you basically have an address 22

that's always zero, that's always the same, right, 23

which I think we already said was a possibility, 24

right?  25

68
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MR. MORIN:  Objection; form. 1

THE WITNESS:  And so this -- in that case, 2

this descriptor in memory would include a source of 3

zero, which would be informing the DMA device that 4

there's an Avalon-ST interface, at least to the -- 5

to the best of my understanding looking at this now. 6

BY MR. JOHANNINGMEIER:7

Uh-huh.  Well, have you ever seen an 8 Q.
example of a DMA descriptor where there was only one 9

address field, that changed what it was based on the 10

direction of the transfer? 11

MR. MORIN:  Objection; form. 12

THE WITNESS:  Not that I can recall. 13

BY MR. JOHANNINGMEIER:14

All right.  Well, let's look at Exhibit 6. 15 Q.
(Deposition Exhibit 6 was marked for 16

identification.) 17

BY MR. JOHANNINGMEIER:    18

Now, this is a document that was produced 19 Q.
to us, and it has an "Outside Attorneys' Eyes Only" 20

marking on it.  I don't think there's anybody on 21

this call that can't see this under the default 22

protective order.  But if -- if so, we need to clear 23

them off before we look at it.  I -- 24

Have -- I don't recall whether there's a 25 A.
69

protective order that -- that I've signed.  I don't 1

know if Philip has that information. 2

Well, right now we're operating under the 3 Q.
Court's default order, which says that basically 4

things can be -- and in paragraph 15 it says that 5

stuff like this can be used in depositions provided 6

it's shown to a limited group of people.  And one of 7

those groups is former employees of Intel in this 8

case.  Another group is experts.  So I think that 9

this can be shown to you, for certain, under the 10

default protective order that we're operating under, 11

and I don't think there's anyone else on this call 12

that is anything other than outside counsel or 13

reporters.  So I think we're fine.  But I just 14

mention it so that it's on the record, and that's 15

what we're doing.  16

MR. MORIN:  I need to say, then, in that 17

case I'd like to designate the -- at least this -- 18

whatever portion of the transcript discusses this 19

exhibit here, Exhibit 6, has to be marked, then, 20

attorneys' eyes only.  21

MR. JOHANNINGMEIER:  Okay.  And we don't 22

object to that. 23

So -- 24 Q.
And it -- so I would just want to say on 25 A.

70

the record, I did just take a quick look.  I didn't 1

find that I had signed a protective order.  I mean, 2

I have no problem just agreeing here now that I 3

would keep any information I see here confidential, 4

just as though I had signed an order.  5

Right.  Right.  And there isn't one.  And 6 Q.
so there's no issues with, you know -- yeah, there 7

isn't a protective order that you would need to have 8

signed.  We're just doing this -- you're Intel's 9

expert.  I'm assuming that they're going to allow 10

you to see their documents like this.  And so we'll 11

just proceed on that basis.  12

MR. MORIN:  Just let me -- let me clarify, 13

and also for Don.  It's -- under the -- the default 14

protective order that's -- that's in operation here, 15

it's okay if -- if Don -- Dr. Alpert sees this.  16

BY MR. JOHANNINGMEIER:17

18
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Sorry.  Let me -- 25 Q.

90

MR. MORIN:  And, Counsel, we've been going 1

for an hour ten.  Would this be a good time to take 2

a break?  I'm assuming the witness would like to 3

take a break. 4

MR. JOHANNINGMEIER:  Yeah, that's fine. 5

MR. MORIN:  So -- 6

THE VIDEOGRAPHER:  Do you want to go off 7

the record?  8

MR. MORIN:  Yeah, please go off the record. 9

MR. JOHANNINGMEIER:  Yeah. 10

THE VIDEOGRAPHER:  Going off the record, 11

the time is 12:39 p.m. 12

(Recess taken.) 13

THE VIDEOGRAPHER:  Going back on the 14

record, the time is 12:54 p.m.  This marks the 15

beginning of media number 3.  Please continue.  16

BY MR. JOHANNINGMEIER:17

All right.  Welcome back.  18 Q.
Yeah. 19 A.
Now, before the break, I'd asked a question 20 Q.

about whether or not the DMA descriptors could be 21

chained.  And I might have used the wrong word 22

there.  I could have used "linked."  But just to 23

refer you to figure 5 of the '084 patent, and then 24

there's some description of that also in column 3, 25

91

at 54, but basically the -- the patent does show 1

descriptors in a linked list that basically are 2

triggered one right after another, right?  3

I believe -- 4 A.
MR. MORIN:  Objection; form. 5

THE WITNESS:  -- what you -- what's shown 6

in figure 5 -- and we did talk briefly earlier -- 7

let me -- at -- towards the bottom of column 2, we 8

talked about a -- a paragraph that says, "The POR 9

Sequencer Descriptor of the current invention is not 10

limited to a single data structure.  A linked-list 11

of data structures is presented to increase the 12

amount of register information and DMA descriptors."  13

And so my interpretation on figure 5, I 14

believe the person of ordinary skill in the art 15

would understand that's showing the linking of one 16

sequencer descriptor to the next.  17

The DMA descriptors are actually not 18

pointing one to the next descriptor.  Those are 19

sequentially, in a table or an array.  20

BY MR. JOHANNINGMEIER:21

Okay.  Like each of the POR sequencer 22 Q.
descriptors has a DMA descriptor inside of it, and 23

in the case where you're running through them in a 24

link, they're going to be executed in sequence, 25

92
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right?  The DMA descriptors are going to get 1

executed in sequence in figure 5, right? 2

MR. MORIN:  Objection; form.  3

THE WITNESS:  They will, yes. 4

BY MR. JOHANNINGMEIER:5

Okay.  So that was -- that was the only 6 Q.

point.  So then that was leading into my question.  7

Okay.  8 A.

Could you have a transfer, an end-to-end 9 Q.

transfer, that was accomplished by more than one 10

descriptor in sequence, like, for instance, a read 11

from a memory to a FIFO and then another read, from 12

a FIFO to another memory?  Is that something that -- 13

that's something that could be done with what's 14

disclosed here in the patent, right? 15

MR. MORIN:  Objection to form. 16

THE WITNESS:  And could I just hear that 17

question again?  18

BY MR. JOHANNINGMEIER:19

Yeah.  The question is whether the -- 20 Q.

within the disclosures of the patent, whether, in 21

your opinion, it's possible to have a data transfer 22

that is accomplished by more than one descriptor 23

operating in sequence, such as a transfer from point 24

A to point B followed by another transfer, from 25

93

point B to point C, using two separate descriptors?  1

Yeah, it is -- as I've read the patent, I 2 A.

don't believe it's describing that.  And just one 3

example I found here is in figure 7 of the '084 4

patent.  And so there's a -- I'll kind of jump to 5

the middle there.  There's a -- a step 704, where it 6

says "POR Sequencer Writes a DMA Descriptor to a DMA 7

Controller"; 705, "POR Sequencer Activates the DMA 8

Controller"; and 706, the "DMA Controller Processes 9

the DMA Descriptor and Initiates Transfer of Data 10

from the Storage Device to the RAM," it says "via 11

the Storage Device Controller."  12

And so, you know, at least that example, 13

and -- and others that I generally recall, would 14

indicate that the DMA controller uses a single 15

descriptor to transfer data from the storage device 16

to the RAM.  17

So does your opinion depend on there only 18 Q.

being one descriptor that accomplishes the transfer 19

from the storage device to the RAM?  20

No. 21 A.

MR. MORIN:  Objection; form.  22

THE WITNESS:  I -- I don't know -- I 23

wouldn't say that's a requirement.  I'm just saying 24

that the descriptor would need to provide the 25

94

information to store the data that comes off of the 1

storage device into the RAM, and it could not always 2

be at the same location.  3

BY MR. JOHANNINGMEIER:4

Well, but it sounds to me like your opinion 5 Q.

is essentially requiring all of those things to be 6

in one descriptor because you want to get all the 7

way from the storage to the RAM in one execution of 8

a descriptor.  Right?9

Well, it's -- 10 A.

MR. MORIN:  Objection; form. 11

THE WITNESS:  -- not a matter of what I 12

want.  13

MR. MORIN:  Mischaracterizes testimony.  14

THE WITNESS:  So -- sorry. 15

Yeah, no, it's not a matter of what I want.  16

It's -- it's the way I believe a person of ordinary 17

skill in the art would interpret the disclosure.  18

BY MR. JOHANNINGMEIER:19

Based on figure 7? 20 Q.

For example, figure 7.  21 A.

Okay.  But did you consider the other 22 Q.

examples in the patent, that disclose multiple 23

descriptors being executed in a linked list?  24

MR. MORIN:  Objection; form. 25

95

THE WITNESS:  And can you point me?  1

BY MR. JOHANNINGMEIER:2

On figure 5.  3 Q.

I'm -- but I'm not sure.  You're saying 4 A.

figure 5 is showing a linked list of DMA 5

descriptors?  6

It's showing a linked list of POR sequence 7 Q.

descriptors, each containing a DMA descriptor, that 8

we've agreed will be executed in sequence, right? 9

MR. MORIN:  Objection to form. 10

THE WITNESS:  It does show that.  And so, 11

for example, at -- in -- in the top "Descriptor 12

Fragment 0," the last DMA controller descriptor -- 13

it's identified as -- as numeral P, or letter P, I 14

guess -- that has a pointer to the next POR sequence 15

fragment descriptor.  So it has a pointer.  And 16

after the first POR sequencer fragment, the 17

subsequent ones are stored in the storage device.  18

So it has a pointer that's showing where that is in 19

the storage device.  And I believe it also would be 20

showing where the -- where that data should be 21

copied into the RAM.  22

BY MR. JOHANNINGMEIER:23

Well, you believe that, but it doesn't 24 Q.

actually have any of that information in the -- 25
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because it doesn't give us the format of the 1

descriptors at all, right?  2

MR. MORIN:  Objection to form. 3

THE WITNESS:  But it tells us that that's 4

what a descriptor is used for.  It -- 5

BY MR. JOHANNINGMEIER:6

Well, we're -- we're kind of going in 7 Q.
circles, but I'm asking you whether your opinion 8

depends on it being "a" descriptor that does all of 9

these things or whether there can be multiple 10

descriptors in a chain to do the same -- to get the 11

same result.  12

You know, I haven't really thought about 13 A.
whether there would be a sequence of descriptors.  14

You know, as I'm sitting here now, you know, I do 15

believe that would be one possible way of performing 16

that specific function of getting the data from the 17

storage disk into RAM.  18
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BY MR. JOHANNINGMEIER:14

Okay.  15 Q.
Sorry.  Give me one second.  16

All right.  I have one more, I think, I 17

want to pull up just real quick.  This is a 18

document.  It it will be Exhibit 8.  It's in the 19

folder with the Bates number ending 7983.  [It 20

will]? 21

(Deposition Exhibit 8 was marked for 22

identification.) 23

BY MR. JOHANNINGMEIER:  24

Okay.  So this is a patent that was 25 Q.
109

produced by Intel.  Have you seen this one before?  1

I don't recall whether I've seen this one. 2 A.
Okay.  Well, I just want to ask real quick 3 Q.

about something in here.  4

If we look at the description -- okay.  So 5

in column 2 of this patent, there's descriptions of 6

figure 12 and 13.  And it says figure 12 is a block 7

diagram illustrating one embodiment of a receive DMA 8

descriptor and figure 13 is a block diagram 9

illustrating one embodiment of a transmit DMA 10

descriptor.  Do you see that? 11

No.  Where -- 12 A.
I'm looking on the right in column 2, at 13 Q.

about line 16, where there are a -- oh, sorry.  Can 14

we go to column 2.  That's going to be PDF page 14.  15

Okay.  And then -- 16

I've got it up on my screen also. 17 A.
Okay.  Right.  So if we blow this up a 18 Q.

little bit.  Maybe -- there.  Right.  So on the 19

right under column 2, figure 12, is showing a 20

received DMA descriptor and figure 13 is showing a 21

transmit DMA descriptor.  Do you see that 22

[receive??] 23

Yeah, I see the description of the figures. 24 A.
Uh-huh.  Have you ever -- have you 25 Q.

110

encountered any examples of DMA whether there's a 1

separate descriptor for receive and transmit?  2

I believe that I have.  3 A.
Uh-huh.  Okay.  So -- and that's possible.  4 Q.

You could have a system where there was a different 5

descriptor for something going one way than another, 6

right?  7

Yes, you could.  8 A.
Now, if we go to column 21, on page -- it's 9 Q.

going to be PDF page 24.  And I want to look at 10

around line -- like starting around line 49.  11

So farther down this column starting at 12

line 49, it says figures 12 through 16 illustrate 13

examples of descriptors of various types.  It says 14

generally they comprise a header and optionally a 15

data field to store a result.  One or more buffer 16

pointers that point to buffers storing DMA data 17

[CHECK], source buffer pointers, or to buffers that 18

may be used to store DMA data, destination buffer 19

pointers."  Right. 20

Do you see that? 21

Yes. 22 A.
And then it says again that the descriptors 23 Q.

vary based on whether they are receive or transmit 24

DMAs," right?  25

111

So it's possible, and within the knowledge 1

of a person of ordinary skill in the art, to have a 2

DMA transfer that has only source buffer pointers in 3

one direction, with a separate descriptor that has 4

destination pointer -- buffer pointers in another 5

direction, right?  Or do you disagree with that?  6

Well, as I'm looking at this, you know, for 7 A.
the first time and -- and somewhat in isolation, I 8

see that it indicates there's [, and] one buffer 9

pointer or a DMA [for??] data.  So it says like a 10

source buffer pointer [DMA of data??] Or a 11

destination buffer pointer.  But I -- I don't 12

believe this is saying anything about whether -- 13

whether the other device involved in this 14

communication needs to have an address as well.  15

Well, if you look at figure 12 -- and 16 Q.
that's going to be on PDF page -- well, so page -- 17

PDF page 10.  18

So this is a -- just for an example, a 19

receive one.  So this is the receive DMA.  And it 20

just has size and pointer and size and pointer.  21

Now, that isn't two pointers.  Those are multiple 22

pointers to the DMA.  And if you don't believe me on 23

that, you can go back to the description at 24

paragraph -- or column 22, where it says figure 12, 25
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the received descriptor 190 includes a header field 1

192, an optional hash and one or more buffer pointer 2

fields, each buffer pointer field 196A through 196N 3

includes a size field [FORMAT] [CHECK] and a pointer 4

field encoded with a pointer to the buffer."  5

So this is showing a descriptor that only 6

has one kind of address, either a source or a 7

destination, based on whether it's a transmit or a 8

receive, right?  9

MR. MORIN:  Objection to form. 10

THE WITNESS:  I don't know whether any of 11

these other fields that are shown, for example, in 12

the figures correspond to an address for the other 13

device that is involved in the transfer.  14

BY MR. JOHANNINGMEIER:15

Are you talking about buffer count packet 16 Q.
link status?  Are you talking about those fields 17

[length]?  18

Type, style.  19 A.
I mean, none of those sound like they're an 20 Q.

address, do they?  21

MR. MORIN:  Objection; form. 22

THE WITNESS:  I don't think I have an 23

opinion on whether it sounds like an address or not. 24

BY MR. JOHANNINGMEIER:25

113

Okay.  Well, we could look.  Presumably -- 1 Q.
these all have numbers, so presumably we could look 2

through this patent and figure out whether they are 3

addresses or not, right. 4

And I won't waste your time on doing that 5

today.  But I -- let me just ask, if you looked at 6

this patent before?  7

I don't recall ever having looked at this 8 A.
patent. 9

So you can't say one way or another whether 10 Q.
I'm right that this is an example of DMA descriptors 11

that include only one kind of pointer in each 12

direction, either source or destination, right?  13

MR. MORIN:  Objection; form. 14

THE WITNESS:  Correct.  I can't say one way 15

or the other. 16

BY MR. JOHANNINGMEIER:17

Okay.  All right.  Well, I don't have any 18 Q.
further questions at this point.  So I guess 19

that's -- that's it.  20

BY MR. MORIN:  21

Okay.  Yeah.  No redirect.  And just if 22 Q.
I -- if I may, the -- the section of the deposition 23

that dealt with -- I think it's Exhibit 5.  Let me 24

just check? 25

114

MR. JOHANNINGMEIER:  I think it's 6 and 7 1

if you're talking about the confidential ones. 2

MR. MORIN:  Yeah.  Okay.  That has to be 3

designated confidential, outside attorneys' eyes 4

only.  5

MR. JOHANNINGMEIER:  And no objection from 6

us on that.  7

MR. MORIN:  Thank you.  8

THE VIDEOGRAPHER:  Then I'll take us off 9

the record.  This marks the end of media 3 of the 3.  10

Going off the record the time is 1:35 p.m. 11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
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1. Introduction
This user guide describes the IP cores provided by Intel® Quartus® Prime design
software.

The IP cores are optimized for Intel FPGA devices and can be easily implemented to
reduce design and test time. You can use the IP parameter editor from Platform
Designer to add the IP cores to your system, configure the cores, and specify their
connectivity.

Before using Platform Designer, review the Intel Quartus Prime software Release
Notes for known issues and limitations. To submit general feedback or technical
support, click Feedback on the Intel Quartus Prime software Help menu and also on
all Intel FPGA technical documentation.

Related Information

• Intel Quartus Prime Pro Edition Handbook

• Intel Quartus Prime Standard Edition Handbook

1.1. Tool Support

Platform Designer is a system-level integration tool which is included as part of the
Intel Quartus Prime software. Platform Designer saves significant time and effort in
the FPGA design process by automatically generating interconnect logic to connect
intellectual property (IP) functions and subsystems. You can implement a design using
the IP cores from the Platform Designer component library.

All the IP cores described in this user guide are supported by both Intel Quartus Prime
Pro Edition and Intel Quartus Prime Standard Edition except for the following cores
which are only supported by Intel Quartus Prime Standard Edition.

• SDRAM Controller Core

• Tri-State SDRAM Core

• Compact Flash Core

• EPCS Serial Flash Controller Core

• 16207 LCD Controller Core

• Scatter-Gather DMA Controller Core

• Video Sync Generator and Pixel Converter Cores

• Avalon®-ST Test Pattern Generator and Checker Cores

• Avalon-MM DDR Memory Half Rate Bridge Core

• Modular ADC Core

• Modular Dual ADC Core
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Note: Intel Quartus Prime Pro Edition only supports Intel Agilex™, Intel Stratix® 10, Intel
Arria® 10, and Intel Cyclone® 10 GX device families.

Related Information

• Intel Quartus Prime Pro Edition Software and Device Support Release Notes

• Intel Quartus Prime Standard Edition Software and Device Support Release Notes

1.2. Device Support

The following IP cores are only supported in Intel Quartus Prime Standard Edition:

• EPCS Serial Flash Controller Core

• Scatter-Gather DMA Controller Core

• Video Sync Generator and Pixel Converter Cores

• Avalon Streaming Interface Test Pattern Generator and Checker Cores

• Modular ADC Core (only for Intel MAX® 10 devices)

• Modular Dual ADC Core (only for Intel MAX 10 devices)

Note: Intel Quartus Prime Standard Edition supports older FPGA devices: Stratix V and
below, Arria V and below, Cyclone V and below. For more information, refer to Intel
Quartus Prime Standard Edition Software and Device Support Release Notes.

The following IPs are part of a product obsolescence and support discontinuation
schedule:

• Intel FPGA Avalon Compact Flash Core

• Optrex 16207 LCD Controller Core

• SDRAM Controller Core

• Tri-State SDRAM Core

• Avalon-MM DDR Memory Half Rate Bridge Core

Added support for Intel eASIC™ N5X devices in:

• Avalon-ST Serial Peripheral Interface Core

• SPI Agent to Avalon Host Bridge Core

• Intel FPGA 16550 Compatible UART Core

• Intel FPGA Avalon I2C (Host) Core

• Intel FPGA I2C Agent to Avalon-MM Host Bridge Core

• PIO Core

• Intel FPGA HPS EMAC Interface Splitter Core

• Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS Bridge Core

Other IP cores described in this user guide support all Intel FPGA device families
unless specified in their respective chapter.

Different device families support different I/O standards, which may affect the ability
of the core to interface to certain components. For details about supported I/O types,
refer to the device handbook for the target device family.

1. Introduction
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Related Information

• Intel Quartus Prime Pro Edition Software and Device Support Release Notes

• Intel Quartus Prime Standard Edition Software and Device Support Release Notes

1.3. Embedded Peripherals IP User Guide Archives

For the latest and previous versions of this user guide, refer to Embedded Peripherals
IP User Guide . If an IP or software version is not listed, the user guide for the
previous IP or software version applies.

IP versions are the same as the Intel Quartus Prime Design Suite software versions up
to v19.1. From Intel Quartus Prime Design Suite software version 19.2 or later, IP
cores have a new IP versioning scheme.

1. Introduction
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1.4. Document Revision History for Embedded Peripherals IP User
Guide

This section covers the revision history of the entire volume. For details regarding
changes to a specific chapter refer to their respective chapter revision history.

Document Version Intel Quartus
Prime Version

Changes

2022.03.28 22.1 • Added a new chapter: Cache Coherency Translator.
• Updated chapter: On-Chip Memory II (RAM or ROM) Intel FPGA IP

2021.12.13 21.4 Added AXI-4 feature in the On-Chip Memory II (RAM and ROM) Intel FPGA
IP section

2021.10.18 21.3 • Added the On-Chip Memory II (RAM and ROM) Intel FPGA IP section
• Added Nios® V processor in the following sections:

— Avalon-ST Multi-Channel Shared Memory FIFO Core
— SPI Core
— Intel FPGA 16550 Compatible UART Core
— UART Core
— JTAG UART Core
— EPCS/EPCQA Serial Flash Controller Core
— Intel FPGA Serial Flash Controller Core
— Intel FPGA Serial Flash Controller II Core
— Intel FPGA Generic QUAD SPI Controller Core
— Intel FPGA Generic QUAD SPI Controller II Core
— Interval Timer Core
— Intel FPGA Avalon FIFO Memory Core
— On-Chip Memory (RAM and ROM) Intel FPGA IP
— On-Chip Memory II (RAM and ROM) Intel FPGA IP
— PIO Core
— DMA Controller Core
— Performance Counter Core
— System ID Core

2021.06.28 21.2 • Replaced non-inclusive terms "master" and "slave" to inclusive terms
"host" and "agent" respectively for the following interface descriptions:
— Avalon
— SPI
— I2C

• Added a new section: Embedded Peripherals IP User Guide Archives.

continued...   

1. Introduction

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

23

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 24 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 • Added support for Intel eASIC N5X devices in:
— Avalon-ST Serial Peripheral Interface Core
— SPI Agent to Avalon Host Bridge Core
— Intel FPGA 16550 Compatible UART Core
— Intel FPGA Avalon I2C (Host) Core
— Intel FPGA I2C Agent to Avalon-MM Host Bridge Core
— PIO Core
— Intel FPGA HPS EMAC Interface Splitter Core
— Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS Bridge Core

• Updated the following chapters:
— SPI Core
— Intel FPGA Serial Flash Controller Core
— Intel FPGA Serial Flash Controller II Core
— Intel FPGA Generic QUAD SPI Controller Core
— Intel FPGA Generic QUAD SPI Controller II Core

• The following IPs are part of a product obsolescence and support
discontinuation schedule:
— Intel FPGA Avalon Compact Flash Core
— Optrex 16207 LCD Controller Core
— SDRAM Controller Core
— Tri-State SDRAM Core
— Avalon-MM DDR Memory Half Rate Bridge Core

2020.12.13 20.3 Updated the following chapter:
• Vectored Interrupt Controller Core

2020.09.21 20.2 Updated the following chapter:
• eSPI to LPC Bridge Core
• Modular Scatter-Gather DMA Core
• Avalon-ST Data Pattern Generator and Checker Cores

2020.07.22 20.2 Updated the following chapter:
• Intel eSPI Agent Core
• eSPI to LPC Bridge Core
• Intel FPGA MII to RMII Converter Core

2020.01.22 19.4 Updated the following chapter:
• UART Core

2019.12.16 19.4 Updated the following chapter:
• Avalon-ST Single-Clock and Dual-Clock FIFO Core
• SPI Core
• SDRAM Controller Core
• Intel FPGA Serial Flash Controller II Core
• Intel FPGA Generic QUAD SPI Controller II Core
Added a new chapter: Intel FPGA MII to RMII Converter Core.

2019.08.16 19.2 Updated the following chapter:
• Intel FPGA GMII to RGMII Converter Core

2019.07.16 19.1 Updated the following chapters:
• Avalon-ST Serial Peripheral Interface Core
• Intel FPGA 16550 Compatible UART Core
• Intel FPGA Avalon FIFO Memory Core
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Document Version Intel Quartus
Prime Version

Changes

2019.04.01 19.1 • Added a new chapter: Intel FPGA HPS EMAC to Multi-rate PHY GMII
Adapter Core.

• Updated the following chapters:
— SPI Agent/JTAG to Avalon Host Bridge Cores
— Intel FPGA Serial Flash Controller II Core
— Intel FPGA Generic QUAD SPI Controller Core
— Intel FPGA Generic QUAD SPI Controller II Core
— Modular Scatter-Gather DMA Core

2018.09.24 18.1 • Added a new chapter: eSPI to LPC Bridge Core.
• Updated the following chapters:

— SPI Core
— eSPI Core
— UART Core
— Intel FPGA Avalon I2C (Host) Core
— EPCS/EPCQA Serial Flash Controller Core
— Intel FPGA Serial Flash Controller Core
— Intel FPGA Serial Flash Controller II Core
— Intel FPGA Generic QUAD SPI Controller Core
— Intel FPGA Generic QUAD SPI Controller II Core
— Interval Timer Core
— On-Chip FIFO Memory Core
— Modular Scatter-Gather DMA Core

2018.05.07 18.0 • Added new chapter eSPI Core.
• Implemented editorial enhancement for all chapters.

Date Version Changes

November 2017 2017.11.06 • Removed the Supported Devices topic from various cores. Refer to
Device Support.

December 2016 2016.12.19 Maintenance release.

October 2016 2016.10.28 New chapters:
• Altera Avalon I2C (Host) Core
Updated:
• 16550 UART Core
• Altera I2C Agent to Avalon-MM Host Bridge Core

June 2016 2016.06.17 New chapters:
• Avalon-MM DDR Memory Half Rate Bridge Core
Updated chapters:
• UART Core
• SPI Core
• Altera Interrupt Latency Counter Core
• Altera I2C Agent to Avalon-MM Host Bridge Core

May 2016 2016.05.03 New chapters:
• Altera I2C Agent to Avalon-MM Host Bridge Core
Updated chapters:
• Vectored Interrupt Controller Core

December 2015 2015.12.16 Removed chapters:
• PCI Lite Core
• Avalon-ST JTAG Interface Core
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Date Version Changes

Updated chapters:
• 16550 UART Core
• PIO Core
• Altera Modular Scatter-Gather DMA Core

November 2015 2015.11.06 Removed chapters:
• Mailbox Core-Replaced with Intel FPGA Avalon Mailbox Core on page

161
Updated chapters:
• 16550 UART Core
• Avalon-ST Bytes to Packets and Packets to Bytes Converter Cores
• Altera Modular Scatter-Gather DMA Core
• Vectored Interrupt Controller Core
• Altera GMII to RGMII Adapter Core
• Altera Avalon Mailbox (simple) Core

June 2015 2015.06.12 New chapters:
• Altera Quad SPI Controller Core
• Altera Serial Flash Controller Core
• Altera Avalon Mailbox Core
• Altera GMII to RGMII Adapter Core
Updated chapters:
• 16550 UART Core
• Performance Counter Core
• DMA Controller Core
• PIO Core
• Interval Timer Core
The following chapters have been reinserted:
• Avalon-ST Single-Clock and Dual-Clock FIFO Cores
• Avalon Streaming Channel Multiplexer and Demultiplexer Cores
• Avalon-ST Round Robin Scheduler Core
• Avalon-ST Delay Core
• Avalon-ST Splitter Core
• Avalon Streaming Test Pattern Generator and Checker Cores
• Avalon Streaming Data Pattern Generator and Checker Cores
The following chapters have been removed:
• Common Flash Interface Controller Core
• Cyclone III Remote Update Controller Core (No longer available starting

from V14.0)
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2. Avalon-ST Multi-Channel Shared Memory FIFO Core

2.1. Core Overview

The Avalon Streaming (Avalon-ST) Multi-Channel Shared Memory FIFO core is a FIFO
buffer with Avalon-ST data interfaces. The core, which supports up to 16 channels, is
a contiguous memory space with dedicated segments of memory allocated for each
channel. Data is delivered to the output interface in the same order it was received on
the input interface for a given channel.

The example below shows an example of how the core is used in a system. In this
example, the core is used to buffer data going into and coming from a four-port Triple
Speed Ethernet IP Core. A processor, if used, can request data for a particular channel
to be delivered to the Triple Speed Ethernet IP Core.

Figure 1. Multi-Channel Shared Memory FIFO in a System—An Example
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2.2. Performance and Resource Utilization

This section lists the resource utilization and performance data for various Intel FPGA
device families. The estimates are obtained by compiling the core using the Intel
Quartus Prime software.

The table below shows the resource utilization and performance data for a Stratix II
GX device (EP2SGX130GF1508I4).
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Table 1. Memory Utilization and Performance Data for Stratix II GX Devices

Channels ALUTs Logic
Registers

Memory Blocks fMAX
(MHz)

M512 M4K M-RAM

4 559 382 0 0 1 > 125

12 1617 1028 0 0 6 > 125

The table below shows the resource utilization and performance data for a Stratix III
device (EP3SL340F1760C3). The performance of the IP Core in Stratix IV devices is
similar to Stratix III devices.

Table 2. Memory Utilization and Performance Data for Stratix III Devices

Channels ALUTs Logic
Registers

Memory Blocks fMAX
(MHz)

M9K M144K MLAB

4 557 345 37 0 0 > 125

12 1741 1028 0 24 0 > 125

The table below shows the resource utilization and performance data for a Cyclone III
device (EP3C120F780I7).

Table 3. Memory Utilization and Performance Data for Cyclone III Devices

Channels Total Logic Elements Total Registers Memory
M9K

fMAX
(MHz)

4 711 346 37 > 125

12 2284 1029 412 > 125

2.3. Functional Description

Figure 2. Avalon-ST Multi-Channel Shared Memory FIFO Core
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2.3.1. Interfaces

This section describes the core's interfaces.

Avalon-ST Interfaces

The core includes Avalon-ST interfaces for transferring data and almost-full status.

Table 4. Properties of Avalon-ST Interfaces

Feature Property

Data Interfaces Status Interfaces

Backpressure Ready latency = 0. Not supported.

Data Width Configurable. Data width = 2 bits.
Symbols per beat = 1.

Channel Supported, up to 16 channels. Supported, up to 16 channels.

Error Configurable. Not used.

Packet Supported. Not supported.

Avalon-MM Interfaces

The core can have up to three Avalon-MM interfaces:

• Avalon-MM control interface—Allows host peripherals to set and access almost-
full and almost-empty thresholds. The same set of thresholds is used by all
channels. See Control Interface Register Map figure for the description of the
threshold registers.

• Avalon-MM fill-level interface—Allows host peripherals to retrieve the fill level
of the FIFO buffer for a given channel. The fill level represents the amount of data
in the FIFO buffer at any given time. The read latency on this interface is one. See
the Fill-level Interface Register Map table for the description of the fill-level
registers.

• Avalon-MM request interface—Allows host peripherals to request data for a
given channel. This interface is implemented only when the Use Request
parameter is turned on. The request_address signal contains the channel
number. Only one word of data is returned for each request.

For more information about Avalon interfaces, refer to the Avalon Interface
Specifications.

2.3.2. Operation

The Avalon-ST Multi-Channel Shared FIFO core allocates dedicated memory segments
within the core for each channel, and is implemented such that the memory segments
occupy a single memory block. The parameter FIFO depth determines the depth of
each memory segment.

The core receives data on its in interface (Avalon-ST sink) and stores the data in the
allocated memory segments. If a packet contains any error (in_error signal is
asserted), the core drops the packet.

2. Avalon-ST Multi-Channel Shared Memory FIFO Core
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When the core receives a request on its request interface (Avalon-MM agent), it
forwards the requested data to its out interface (Avalon-ST source) only when it has
received a full packet on its in interface. If the core has not received a full packet or
has no data for the requested channel, it deasserts the valid signal on its out
interface to indicate that data is not available for the channel. The output latency is
three and only one word of data can be requested at a time.

When the Avalon-MM request interface is not in use, the request_write signal is
kept asserted and the request_address signal is set to 0. Hence, if you configure
the core to support more than one channel, you must also ensure that the Use
request parameter is turned on. Otherwise, only channel 0 is accessible.

You can configure almost-full thresholds to manage FIFO overflow. The current
threshold status for each channel is available from the core's Avalon-ST status
interfaces in a round-robin fashion. For example, if the threshold status for channel 0
is available on the interface in clock cycle n, the threshold status for channel 1 is
available in clock cycle n+1 and so forth.

2.4. Parameters

Table 5. Configurable Parameters

Parameter Legal Values Description

Number of channels 1, 2, 4, 8, and 16 The total number of channels supported on the Avalon-ST data interfaces.

Symbols per beat 1–32 The number of symbols transferred in a beat on the Avalon-ST data
interfaces

Bits per symbol 1–32 The symbol width in bits on the Avalon-ST data interfaces.

Error width 0–32 The width of the error signal on the Avalon-ST data interfaces.

FIFO depth 2–232 The depth of each memory segment allocated for a channel. The value
must be a multiple of 2.

Use packets 0 or 1 Setting this parameter to 1 enables packet support on the Avalon-ST data
interfaces.

Use fill level 0 or 1 Setting this parameter to 1 enables the Avalon-MM status interface.

Number of almost-full
thresholds

0 to 2 The number of almost-full thresholds to enable. Setting this parameter to 1
enables Use almost-full threshold 1. Setting it to 2 enables both Use
almost-full threshold 1 and Use almost-full threshold 2.

Number of almost-empty
thresholds

0 to 2 The number of almost-empty thresholds to enable. Setting this parameter
to 1 enables Use almost-empty threshold 1. Setting it to 2 enables both
Use almost-empty threshold 1 and Use almost-empty threshold 2.

Section available threshold 0 to 2 Address Width Specify the amount of data to be delivered to the output interface. This
parameter applies only when packet support is disabled.

Packet buffer mode 0 or 1 Setting this parameter to 1 causes the core to deliver only full packets to
the output interface. This parameter applies only when Use packets is set
to 1.

Drop on error 0 or 1 Setting this parameter to 1 causes the core to drop packets at the Avalon-
ST data sink interface if the error signal on that interface is asserted.
Otherwise, the core accepts the packet and sends it out on the Avalon-ST
data source interface with the same error. This parameter applies only
when packet buffer mode is enabled.

Address width 1–32 The width of the FIFO address. This parameter is determined by the
parameter FIFO depth; FIFO depth = 2 Address Width.

continued...   
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Parameter Legal Values Description

Use request — Turn on this parameter to implement the Avalon-MM request interface. If
the core is configured to support more than one channel and the request
interface is disabled, only channel 0 is accessible.

Use almost-full threshold 1 — Turn on these parameters to implement the optional Avalon-ST almost-full
and almost-empty interfaces and their corresponding registers. See
Control Interface Register Map for the description of the threshold
registers.

Use almost-full threshold 2 —

Use almost-empty threshold 1 —

Use almost-empty threshold 2 —

Use almost-full threshold 1 0 or 1 This threshold indicates that the FIFO is almost full. It is enabled when the
parameter Number of almost-full threshold is set to 1 or 2.

Use almost-full threshold 2 0 or 1 This threshold is an initial indication that the FIFO is getting full. It is
enabled when the parameter Number of almost-full threshold is set to
2.

Use almost-empty threshold 1 0 or 1 This threshold indicates that the FIFO is almost empty. It is enabled when
the parameter Number of almost-empty threshold is set to 1 or 2.

Use almost-empty threshold 2 0 or 1 This threshold is an initial indication that the FIFO is getting empty. It is
enabled when the parameter Number of almost-empty threshold is set
to 2.

2.5. Software Programming Model

The following sections describe the software programming model for the Avalon-ST
Multi-Channel Shared FIFO core.

2.5.1. HAL System Library Support

The Intel-provided driver implements a HAL device driver that integrates into the HAL
system library for Nios II and Nios V® processors systems. HAL users should access
the Avalon-ST Multi-Channel Shared FIFO core via the familiar HAL API and the ANSI
C standard library.

2.5.2. Register Map

You can configure the thresholds and retrieve the fill-level for each channel via the
Avalon-MM control and fill-level interfaces respectively. Subsequent sections describe
the registers accessible via each interface.

Control Register Interface

Table 6. Control Interface Register Map

Byte
Offset

Name Access Reset
Value

Description

0 ALMOST_FULL_THRESHOLD RW 0 Primary almost-full threshold. The bit
Almost_full_data[0] on the Avalon-ST
almost-full status interface is set to 1 when the
FIFO level is equal to or greater than this
threshold.

4 ALMOST_EMPTY_THRESHOLD RW 0 Primary almost-empty threshold. The bit
Almost_empty_data[0] on the Avalon-ST
almost-empty status interface is set to 1 when the
FIFO level is equal to or less than this threshold.

continued...   
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Byte
Offset

Name Access Reset
Value

Description

8 ALMOST_FULL2_THRESHOLD RW 0 Secondary almost-full threshold. The bit
Almost_full_data[1] on the Avalon-ST
almost-full status interface is set to 1 when the
FIFO level is equal to or greater than this
threshold.

12 ALMOST_EMPTY2_THRESHOLD RW 0 Secondary almost-empty threshold. The bit
Almost_empty_data[1] on the Avalon-ST
almost-empty status interface is set to 1 when the
FIFO level is equal to or less than this threshold.

Base + 8 Almost_Empty_Threshold RW The value of the primary almost-empty threshold.
The bit Almost_empty_data[0] on the Avalon-
ST almost-empty status interface is set to 1 when
the FIFO level is less than or equal to this
threshold.

Base +
12

Almost_Empty2_Threshold RW The value of the secondary almost-empty
threshold. The bit Almost_empty_data[1] on
the Avalon-ST almost-empty status interface is set
to 1 when the FIFO level is less than or equal to
this threshold.

Fill-Level Register Interface

The table below shows the register map for the fill-level interface.

Table 7. Fill-level Interface Register Map

Byte
Offset

Name Access Reset
Value

Description

0 fill_level_0 RO 0 Fill level for each channel. Each register is
defined for each channel. For example, if the
core is configured to support four channel, four
fill-level registers are defined.

4 fill_level_1 RO 0

8 fill_level_2 RO 0

(n*4) fill_level_n RO 0

2.6. Avalon-ST Multi-Channel Shared Memory FIFO Core Revision
History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for HAL System Library Support
section.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 Added the description of almost-empty thresholds and fill-level registers.
Revised the Operation section.

November 2009 v9.1.0 No change from previous release.

continued...   
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Date Version Changes

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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3. Avalon-ST Single-Clock and Dual-Clock FIFO Cores

3.1. Core Overview

The Avalon Streaming (Avalon-ST) Single-Clock and Avalon-ST Dual-Clock FIFO cores
are FIFO buffers which operate with a common clock and independent clocks for input
and output ports respectively. The FIFO cores are configurable, Platform Designer-
ready, and integrate easily into any Platform Designer-generated systems.

3.2. Functional Description

The following two figures show block diagrams of the Avalon-ST Single-Clock FIFO and
Avalon-ST Dual-Clock FIFO cores.

Figure 3. Avalon-ST Single Clock FIFO Core
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Figure 4. Avalon-ST Dual Clock FIFO Core
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3.2.1. Interfaces

This section describes the interfaces implemented in the FIFO cores.

Avalon-ST Data Interface

Each FIFO core has an Avalon-ST data sink and source interfaces. The data sink and
source interfaces in the dual-clock FIFO core are driven by different clocks.

Table 8. Properties of Avalon-ST Interfaces

Feature Property

Backpressure Ready latency = 0.

Data Width Configurable.

Channel Supported, up to 255 channels.

Error Configurable.

Packet Configurable.

Avalon-MM Control and Status Register Interface

You can configure the single-clock FIFO core to include an optional Avalon-MM
interface, and the dual-clock FIFO core to include an Avalon-MM interface in each clock
domain. The Avalon-MM interface provides access to 32-bit registers, which allows you
to retrieve the FIFO buffer fill level and configure the almost-empty and almost-full
thresholds. In the single-clock FIFO core, you can also configure the packet and error
handling modes.

Avalon-ST Status Interface

The single-clock FIFO core has two optional Avalon-ST status source interfaces from
which you can obtain the FIFO buffer almost-full and almost empty statuses.

Related Information

Avalon Interface Specifications
For more information about Avalon interfaces.

3.2.2. Operating Modes

The following lists the FIFO operating modes:

3. Avalon-ST Single-Clock and Dual-Clock FIFO Cores
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• Default mode—The core accepts incoming data on the in interface (Avalon
Streaming Interface data sink) and forwards it to the out interface (Avalon
Streaming Interface data source). The core asserts the valid signal on the
Avalon Streaming Interface source interface to indicate that data is available at
the interface.

• Store and forward mode—This mode only applies to the single-clock FIFO core.
The core asserts the valid signal on the out interface only when a full packet of
data is available at the interface.

In this mode, you can also enable the drop-on-error feature by setting the
drop_on_error register to 1. When this feature is enabled, the core drops all
packets received with the in_error signal asserted.

• Cut-through mode— This mode only applies to the single-clock FIFO core. The
core asserts the valid signal on the out interface to indicate that data is
available for consumption when the number of entries specified in the
cut_through_threshold register are available in the FIFO buffer.

To use the store and forward or cut-through mode, turn on the Use store and
forward parameter to include the csr interface (Avalon Memory-Mapped
Interface agent). Set the cut_through_threshold register to 0 to enable the
store and forward mode; set the register to any value greater than 0 to enable the
cut-through mode. The non-zero value specifies the minimum number of FIFO
entries that must be available before the data is ready for consumption. Setting
the register to 1 provides you with the default mode.

3.2.3. Fill Level

You can obtain the fill level of the FIFO buffer via the optional Avalon Memory-Mapped
Interface control and status interface. Turn on the Use fill level parameter (Use sink
fill level and Use source fill level in the dual-clock FIFO core) and read the
fill_level register.

The dual-clock FIFO core has two fill levels, one in each clock domain. Due to the
latency of the clock crossing logic, the fill levels reported in the input and output clock
domains may be different at any given instance. In both cases, the fill level is
pessimistic for the clock domain; the fill level is reported high in the input clock
domain and low in the output clock domain.

The dual-clock FIFO has an output pipeline stage to improve fMAX. This output stage is
accounted for when calculating the output fill level, but not when calculating the input
fill level. Hence, the best measure of the amount of data in the FIFO is given by the fill
level in the output clock domain, while the fill level in the input clock domain
represents the amount of space available in the FIFO (Available space = FIFO depth
– input fill level).

3.2.4. Thresholds

You can use almost-full and almost-empty thresholds as a mechanism to prevent FIFO
overflow and underflow. This feature is only available in the single-clock FIFO core.

To use the thresholds, turn on the Use fill level, Use almost-full status, and Use
almost-empty status parameters. You can access the almost_full_threshold
and almost_empty_threshold registers via the csr interface and set the registers
to an optimal value for your application.

3. Avalon-ST Single-Clock and Dual-Clock FIFO Cores
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You can obtain the almost-full and almost-empty statuses from almost_full and
almost_empty interfaces (Avalon Streaming Interface status source). The core
asserts the almost_full signal when the fill level is equal to or higher than the
almost-full threshold. Likewise, the core asserts the almost_empty signal when the
fill level is equal to or lower than the almost-empty threshold.

3.3. Parameters

Table 9. Configurable Parameters

Parameter Legal Values Description

Bits per symbol 1–32 These parameters determine the width of the FIFO.
FIFO width = Bits per symbol * Symbols per beat, where:
Bits per symbol is the number of bits in a symbol, and
Symbols per beat is the number of symbols transferred in a beat.

Symbols per beat 1–32

Error width 0–32 The width of the error signal.

FIFO depth 1–32 The FIFO depth. An output pipeline stage is added to the FIFO to increase
performance, which increases the FIFO depth by one.

Use packets — Turn on this parameter to enable packet support on the Avalon-ST data interfaces.

Channel width 1–32 The width of the channel signal.

Avalon-ST Single Clock FIFO Only

Use fill level — Turn on this parameter to include the Avalon-MM control and status register
interface.

Avalon-ST Dual Clock FIFO Only

Use sink fill level — Turn on this parameter to include the Avalon-MM control and status register
interface in the input clock domain.

Use source fill level — Turn on this parameter to include the Avalon-MM control and status register
interface in the output clock domain.

Write pointer
synchronizer length

2–8 The length of the write pointer synchronizer chain. Setting this parameter to a
higher value leads to better metastability while increasing the latency of the core.

Read pointer
synchronizer length

2–8 The length of the read pointer synchronizer chain. Setting this parameter to a
higher value leads to better metastability.

Use Max Channel — Turn on this parameter to specify the maximum channel number.

Max Channel 1–255 Maximum channel number.

For more information on metastability in Intel FPGA devices, refer to AN 42:
Metastability in Intel FPGA devices.

For more information on metastability analysis and synchronization register chains,
refer to the Area and Timing Optimization chapter in volume 2 of the Intel Quartus
Prime Handbook.

3.4. Register Description

The csr interface in the Avalon-ST Single Clock FIFO core provides access to
registers. The table below describes the registers.

3. Avalon-ST Single-Clock and Dual-Clock FIFO Cores
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Table 10. Register Description for Avalon-ST Single-Clock FIFO

32-Bit Word
Offset

Name Access Reset Description

0 fill_level R 0 24-bit FIFO fill level. Bits 24 to 31 are
unused.

1 Reserved — — Reserved for future use.

2 almost_full_threshold RW FIFO depth–1 Set this register to a value that indicates
the FIFO buffer is getting full.

3 almost_empty_threshold RW 0 Set this register to a value that indicates
the FIFO buffer is getting empty.

4 cut_through_threshold RW 0 0—Enables store and forward mode.
>0—Enables cut-through mode and
specifies the minimum of entries in the
FIFO buffer before the valid signal on
the Avalon-ST source interface is
asserted. Once the FIFO core starts
sending the data to the downstream
component, it continues to do so until
the end of the packet.
This register applies only when the Use
store and forward parameter is turned
on.

5 drop_on_error RW 0 0—Disables drop-on error.
1—Enables drop-on error.
This register applies only when the Use
packet and Use store and forward
parameters are turned on.

The in_csr and out_csr interfaces in the Avalon-ST Dual Clock FIFO core reports
the FIFO fill level. The table below describes the fill level.

Table 11. Register Description for Avalon-ST Dual-Clock FIFO

32-Bit Word
Offset

Name Access Reset
Value

Description

0 fill_level R 0 24-bit FIFO fill level. Bits 24 to 31 are unused.

3.5.  Avalon-ST Single-Clock and Dual-Clock FIFO Core Revision
History

Document Version Intel Quartus
Prime Version

Changes

2019.12.16 19.4 Corrected the Register Description for Avalon-ST Dual-Clock FIFO.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 Added description of the new features of the single-clock FIFO: store and
forward mode, cut-through mode, and drop on error.
Added parameters and registers.

continued...   
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Date Version Changes

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 Added description of new parameters, Write pointer synchronizer
length and Read pointer synchronizer length.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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4. Avalon-ST Serial Peripheral Interface Core
The Avalon Streaming (Avalon-ST) Serial Peripheral Interface (SPI) core is an SPI
agent that allows data transfers between Platform Designer systems and off-chip SPI
devices via Avalon-ST interfaces. Data is serially transferred on the SPI, and sent to
and received from the Avalon-ST interface in bytes.

The SPI Agent to Avalon Host Bridge is an example of how this core is used.

For more information on the bridge, refer to SPI Agent/JTAG to Avalon Host Bridge
Cores.

Note: This IP core supports Intel eASIC N5X devices.

Related Information

SPI Agent/JTAG to Avalon Host Bridge Cores on page 59

4.1. Functional Description

Figure 5. System with an Avalon-ST SPI Core
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Note: For the Intel eASIC N5X device, the signal miso_data (output port) is generated
instead of the miso (inout port) signal. You must instantiate eASIC IO pad modules to
create tristate logic to the miso_data to create bidirectional signal.

4.1.1. Interfaces

The serial peripheral interface is full-duplex and does not support backpressure. It
supports SPI clock phase bit, CPHA = 1, and SPI clock polarity bit, CPOL = 0.
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Table 12. Properties of Avalon-ST Interfaces

Feature Property

Backpressure Not supported.

Data Width Data width = 8 bits; Bits per symbol = 8.

Channel Not supported.

Error Not used.

Packet Not supported.

For more information about Avalon-ST interfaces, refer to the Avalon Interface
Specifications.

4.1.2. Operation

The Avalon-ST SPI core waits for the nSS signal to be asserted low, signifying that the
SPI host is initiating a transaction. The core then starts shifting in bits from the input
signal mosi. The core packs the bits received on the SPI to bytes and checks for the
following special characters:

• 0x4a—Idle character. The core drops the idle character.

• 0x4d—Escape character. The core drops the escape character, and XORs the
following byte with 0x20.

For each valid byte of data received, the core asserts the valid signal on its
Avalon-ST source interface and presents the byte on the interface for one clock
cycle.

At the same time, the core shifts data out from the Avalon-ST sink to the output
signal miso beginning with from the most significant bit. If there is no data to
shift out, the core shifts out idle characters (0x4a). If the data is a special
character, the core inserts an escape character (0x4d) and XORs the data with
0x20.

The data shifts into and out of the core in the direction of MSB first.

Figure 6. SPI Transfer Protocol
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Table 13. SPI Transfer Protocol Specification

Symbol Description Minimum Maximum Unit

TL The worst recovery time of sclk
with respect with nSS. ½ SPI clock -

Clock cycleTT The worst hold time for MOSI and
MISO data. ½ SPI clock -

TI The minimum width of a reset pulse
required by Intel FPGA families. 1 SPI clock -

4.1.3. Timing

The core requires a lead time (TL) between asserting the nSS signal and the SPI clock,
and a lag time (TT) between the last edge of the SPI clock and deasserting the nSS
signal. The nSS signal must be deasserted for a minimum idling time (TI) of one SPI
clock between byte transfers. A Timing Analyzer SDC file (.sdc) is provided to remove
false timing paths. The frequency of the SPI host’s clock must be equal to or lower
than the frequency of the core’s clock.

4.1.4. Limitations

Daisy-chain configuration, where the output line miso of an instance of the core is
connected to the input line mosi of another instance, is not supported.

4.2. Configuration

The parameter Number of synchronizer stages: Depth allows you to specify the
length of synchronization register chains. These register chains are used when a
metastable event is likely to occur and the length specified determines the meantime
before failure. The register chain length, however, affects the latency of the core.

For more information on metastability in Intel FPGA devices, refer to AN 42:
Metastability in Intel FPGA devices.

For more information on metastability analysis and synchronization register chains,
refer to the Area and Timing Optimization chapter in volume 2 of the Intel Quartus
Prime Handbook.

4.3. Avalon-ST Serial Peripheral Interface Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2019.07.16 19.1 Add the SPI Transfer Protocol Specification in Operation section.

2018.05.07 18.0 Implemented editorial enhancements.
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Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Added a description to specify the shift direction.

March 2009 v9.0.0 Added description of a new parameter, Number of synchronizer stages:
Depth.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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5. SPI Core

5.1. Core Overview

SPI is an industry-standard serial protocol commonly used in embedded systems to
connect microprocessors to a variety of off-chip sensor, conversion, memory, and
control devices. The SPI core with Avalon interface implements the SPI protocol and
provides an Avalon Memory-Mapped (Avalon-MM) interface on the back end.

The SPI core can implement either the host or agent protocol. When configured as a
host, the core can control up to 32 independent SPI agents. The width of the receive
and transmit registers are configurable between 1 and 32 bits. Longer transfer lengths
can be supported with software routines. The core provides an interrupt output that
can flag an interrupt whenever a transfer completes.

5.2. Functional Description

The SPI core communicates using two data lines, a control line, and a synchronization
clock:

• Host Out Agent In (mosi)—Output data from the host to the inputs of the agents

• Host In Agent Out (miso)—Output data from a agent to the input of the host

• Serial Clock (sclk)—Clock driven by the host to agents, used to synchronize the
data bits

• Agent Select (ss_n)— Select signal (active low) driven by the host to individual
agents, used to select the target agent

The SPI core has the following user-visible features:

• A memory-mapped register space comprised of five registers: rxdata, txdata,
status, control, and slaveselect

• Four SPI interface ports: sclk, ss_n, mosi, and miso

The registers provide an interface to the SPI core and are visible via the Avalon-
MM agent port. The sclk, ss_n, mosi, and miso ports provide the hardware
interface to other SPI devices. The behavior of sclk, ss_n, mosi, and miso
depends on whether the SPI core is configured as a host or agent.
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Figure 7. SPI Core Block Diagram (Host Mode)
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The SPI core logic is synchronous to the clock input provided by the Avalon-MM
interface. When configured as a host, the core divides the Avalon-MM clock to
generate the SCLK output. When configured as a agent, the core's receive logic is
synchronized to SCLK input.

For more details, refer to the "Interval Timer Core" chapter.

5.2.1. Example Configurations

The core block diagram and the SPI core configured as a agent diagram show two
possible configurations. In Figure 8 on page 46 the core provides a agent interface to
an off-chip SPI host.

Figure 8. SPI Core Configured as a Agent
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In the SPI core block diagram, the SPI core provides a host interface driving multiple
off-chip agent devices. Each agent device in Figure 8 on page 46 must tristate its
miso output whenever its select signal is not asserted.

The ss_n signal is active-low. However, any signal can be inverted inside the FPGA,
allowing the agent-select signals to be either active high or active low.

5.2.2. Transmitter Logic

The core transmitter logic consists of a transmit holding register (txdata) and
transmit shift register, each n bits wide. The register width n is specified at system
generation time, and can be any integer value from 8 to 32. After a host peripheral
writes a value to the txdata register, the value is copied to the shift register and then
transmitted when the next operation starts.

The shift register and the txdata register provide double buffering during data
transmission. A new value can be written into the txdata register while the previous
data is being shifted out of the shift register. The transmitter logic automatically
transfers the txdata register to the shift register whenever a serial shift operation is
not currently in process.

In host mode, the transmit shift register directly feeds the mosi output. In agent
mode, the transmit shift register directly feeds the miso output. Data shifts out LSB
first or MSB first, depending on the configuration of the SPI core.

5. SPI Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

46

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 47 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



5.2.3. Receiver Logic

The core receive logic consists of a receive holding register (rxdata) and receive shift
register, each n bits wide. The register width n is specified at system generation time,
and can be any integer value from 8 to 32. A host peripheral reads received data from
the rxdata register after the shift register has captured a full n-bit value of data.

The shift register and the rxdata register provide double buffering while receiving
data. The rxdata register can hold a previously received data value while subsequent
new data is shifting into the shift register. The receiver logic automatically transfers
the shift register content to the rxdata register when a serial shift operation
completes.

In host mode, the shift register is fed directly by the miso input. In agent mode, the
shift register is fed directly by the mosi input. The receiver logic expects input data to
arrive LSB first or MSB first, depending on the configuration of the SPI core.

5.2.4. Host and Agent Modes

At system generation time, the designer configures the SPI core in either host mode
or agent mode. The mode cannot be switched at runtime.

5.2.4.1. Host Mode Operation

In host mode, the SPI ports behave as shown in the table below.

Table 14. Host Mode Port Configurations

Name Direction Description

mosi output Data output to agent(s)

miso input Data input from agent(s)

sclk output Synchronization clock to all agents

ss_nM output Agent select signal to agent M, where M is a number between 0 and 31.

In host mode, an intelligent host (for example, a microprocessor) configures the SPI
core using the control and slaveselect registers, and then writes data to the
txdata buffer to initiate a transaction. A host peripheral can monitor the status of the
transaction by reading the status register. A host peripheral can enable interrupts to
notify the host whenever new data is received (for example, a transfer has
completed), or whenever the transmit buffer is ready for new data.

The SPI protocol is full duplex, so for every transaction both sends and receives data
at the same time. The host transmits a new data bit on the mosi output and the
agent drives a new data bit on the miso input for each active edge of sclk. The SPI
core divides the Avalon-MM system clock using a clock divider to generate the sclk
signal.

When the SPI core is configured to interface with multiple agents, the core has one
ss_n signal for each agent. During a transfer, the host asserts ss_n to each agent
specified in the slaveselect register. Note that there can be no more than one
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agent transmitting data during any particular transfer, or else there will be a
contention on the miso input. The number of agent devices is specified at system
generation time.

5.2.4.2. Agent Mode Operation

In agent mode, the SPI ports behave as shown in the table below.

Table 15. Agent Mode Port Configurations

Name Direction Description

mosi input Data input from the host

miso output Data output to the host

sclk input Synchronization clock

ss_n input Select signal

In agent mode, the SPI core simply waits for the host to initiate transactions. Before a
transaction begins, the agent logic continuously polls the ss_n input. When the host
asserts ss_n, the agent logic immediately begins sending the transmit shift register
contents to the miso output. The agent logic also captures data on the mosi input,
and fills the receive shift register simultaneously. After a word is received by the
agent, the host must de-assert the ss_n signal and reasserts the signal again when
the next word is ready to be sent.

An intelligent host such as a microprocessor writes data to the txdata registers, so
that it is transmitted the next time the host initiates an operation. A host peripheral
reads received data from the rxdata register. A host peripheral can enable interrupts
to notify the host whenever new data is received, or whenever the transmit buffer is
ready for new data.

5.2.4.3. Multi-Agent Environments

When ss_n is not asserted, typical SPI cores set their miso output pins to high
impedance. The provided SPI agent core drives an undefined high or low value on its
miso output when not selected. Special consideration is necessary to avoid signal
contention on the miso output, if the SPI core in agent mode is connected to an off-
chip SPI host device with multiple agents. In this case, the ss_n input should be used
to control a tristate buffer on the miso signal.

Figure 9. SPI Core in a Multi-Agent Environment
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5.3. Configuration

The following sections describe the available configuration options.

5.3.1. Host/Agent Settings

The designer can select either host mode or agent mode to determine the role of the
SPI core. When host mode is selected, the following options are available: Number of
select (SS_n) signals, SPI clock rate, and Specify delay.

5.3.1.1. Number of Select (SS_n) Signals

This setting specifies the number of agents the SPI host connects to. The range is 1 to
32. The SPI host core presents a unique ss_n signal for each agent.

5.3.1.2. SPI Clock (sclk) Rate

This setting determines the rate of the sclk signal that synchronizes data between
host and agents. The target clock rate can be specified in units of Hz, kHz or MHz. The
SPI host core uses the Avalon-MM system clock and a clock divisor to generate sclk.

The actual frequency of sclk may not exactly match the desired target clock rate.
The achievable clock values are:

<Avalon-MM system clock frequency> / [2, 4, 6, 8, ...]

The actual frequency achieved will not be greater than the specified target value.

Note: When the SPI core is turned on with a synchronizer, you must maintain the
requirement against the sampling edge of SCLK, which is equal to (<synchronizer
depth> IP clock + 1 IP clock). For example, if you select synchronizer depth
of 2, this results in a sampling edge requirement of 3 clock cycles.

5.3.1.3. Specify Delay

Turning on this option causes the SPI host to add a time delay between asserting the
ss_n signal and shifting the first bit of data. This delay is required by certain SPI
agent devices. If the delay option is on, you must also specify the delay time in units
of ns, µs or ms. An example is shown in below.

Figure 10. Time Delay Between Asserting ss_n and Toggling sclk

The delay generation logic uses a granularity of half the period of sclk. The actual
delay achieved is the desired target delay rounded up to the nearest multiple of half
the sclk period, as shown in the follow two equations.

Table 16.

p = 1/2 x (period of sclk)
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Table 17.

Actual delay = ceiling x (desired delay/ p)

5.3.2. Data Register Settings

The data register settings affect the size and behavior of the data registers in the SPI
core. There are two data register settings:

• Width—This setting specifies the width of rxdata, txdata, and the receive and
transmit shift registers. The range is from 1 to 32.

• Shift direction—This setting determines the direction that data shifts (MSB first
or LSB first) into and out of the shift registers.

5.3.3. Timing Settings

The timing settings affect the timing relationship between the ss_n, sclk, mosi and
miso signals. In this discussion the mosi and miso signals are referred to generically
as data. There are two timing settings:

• Clock polarity—This setting can be 0 or 1. When clock polarity is set to 0, the idle
state for sclk is low. When clock polarity is set to 1, the idle state for sclk is
high.

• Clock phase—This setting can be 0 or 1. When clock phase is 0, data is latched
on the leading edge of sclk, and data changes on trailing edge. When clock
phase is 1, data is latched on the trailing edge of sclk, and data changes on the
leading edge.

The following four clock polarity figures demonstrate the behavior of signals in all
possible cases of clock polarity and clock phase.

Figure 11. Clock Polarity = 0, Clock Phase = 0

Figure 12. Clock Polarity = 0, Clock Phase = 1

Figure 13. Clock Polarity = 1, Clock Phase = 0
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Figure 14. Clock Polarity = 1, Clock Phase = 1

5.3.4. Synchronizer Stages

This setting enables a synchronizer on the SPI interface input. When agent mode is
used, you must turn on the synchronizer.

5.4. Software Programming Model

The following sections describe the software programming model for the SPI core,
including the register map and software constructs used to access the hardware. For
Nios II and Nios V processors users, Intel provides the HAL system library header file
that defines the SPI core registers. The SPI core does not match the generic device
model categories supported by the HAL, so it cannot be accessed via the HAL API or
the ANSI C standard library. Intel provides a routine to access the SPI hardware that
is specific to the SPI core.

5.4.1. Hardware Access Routines

Intel provides one access routine, alt_avalon_spi_command(), that provides
general-purpose access to the SPI core that is configured as a host.

5.4.1.1. alt_avalon_spi_command()

Prototype: int alt_avalon_spi_command(alt_u32 base, alt_u32 slave,

                            alt_u32 write_length,
                           const alt_u8* wdata,

                           alt_u32 read_length,

                           alt_u8* read_data,

                           alt_u32 flags)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_spi.h>

Description: This function performs a control sequence on the SPI bus. It supports only SPI hosts with data
width less than or equal to 8 bits. A single call to this function writes a data buffer of arbitrary
length to the mosi port, and then reads back an arbitrary amount of data from the miso port. The
function performs the following actions:
(1) Asserts the agent select output for the specified agent. The first agent select output is 0.
(2) Transmits write_length bytes of data from wdata through the SPI interface, discarding the
incoming data on the miso port.
(3) Reads read_length bytes of data and stores the data into the buffer pointed to by read_data.
The mosi port is set to zero during the read transaction.
(4) De-asserts the agent select output, unless the flags field contains the value
ALT_AVALON_SPI_COMMAND_MERGE. If you want to transmit from scattered buffers, call the
function multiple times and specify the merge flag on all the accesses except the last.
To access the SPI bus from more than one thread, you must use a semaphore or mutex to ensure
that only one thread is executing within this function at any time.

Returns: The number of bytes stored in the read_data buffer.
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5.4.2. Software Files

The core is accompanied by the following software files. These files provide a low-level
interface to the hardware.

• altera_avalon_spi.h—This file defines the core's register map, providing
symbolic constants to access the low-level hardware.

• altera_avalon_spi.c—This file implements low-level routines to access the
hardware.

5. SPI Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

53

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 54 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



5.4.3. Register Map

An Avalon-MM host peripheral controls and communicates with the core via the six 32-
bit registers, shown in below in the Register Map for SPI Host Device figure. The
table assumes an n-bit data width for rxdata and txdata.

Table 18. Register Map for SPI Host Device

Internal
Address

Register Name Type
[R/W]

32-
11

10 9 8 7 6 5 4 3 2-0

0 rxdata (3) R RXDATA (n-1..0)

1 txdata (3) W TXDATA (n-1..0)

2 status (1) R/W EOP E RRDY TRDY TMT TOE ROE

3 control R/W SSO
(2)

IEOP IE IRRD
Y

ITRD
Y

ITOE IROE

4 Reserved —

5 slaveselect (2) R/W Agent Select Mask

6 eop_value(3) R/W End of Packet Value (n-1..0)

Reading undefined bits returns an undefined value. Writing to undefined bits has no
effect.

5.4.3.1. rxdata Register

A host peripheral reads received data from the rxdata register. When the receive
shift register receives a full n bits of data, the status register's RRDY bit is set to 1
and the data is transferred into the rxdata register. Reading the rxdata register
clears the RRDY bit. Writing to the rxdata register has no effect.

New data is always transferred into the rxdata register, whether or not the previous
data was retrieved. If RRDY is 1 when data is transferred into the rxdata register
(that is, the previous data was not retrieved), a receive-overrun error occurs and the
status register's ROE bit is set to 1. In this case, the contents of rxdata are
undefined.

5.4.3.2. txdata Register

A host peripheral writes data to be transmitted into the txdata register. When the
status register's TRDY bit is 1, it indicates that the txdata register is ready for new
data. The TRDY bit is set to 0 whenever the txdata register is written. The TRDY bit
is set to 1 after data is transferred from the txdata register into the transmitter shift
register, which readies the txdata holding register to receive new data.

(1) A write operation to the status register clears the ROE, TOE, and E bits.

(2) Present only in host mode.

(3) Bits 31 to n are undefined when n is less than 32.
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A host peripheral should not write to the txdata register until the transmitter is ready
for new data. If TRDY is 0 and a host peripheral writes new data to the txdata
register, a transmit-overrun error occurs and the status register's TOE bit is set to 1.
In this case, the new data is ignored, and the content of txdata remains unchanged.

As an example, assume that the SPI core is idle (that is, the txdata register and
transmit shift register are empty), when a CPU writes a data value into the txdata
holding register. The TRDY bit is set to 0 momentarily, but after the data in txdata is
transferred into the transmitter shift register, TRDY returns to 1. The CPU writes a
second data value into the txdata register, and again the TRDY bit is set to 0. This
time the shift register is still busy transferring the original data value, so the TRDY bit
remains at 0 until the shift operation completes. When the operation completes, the
second data value is transferred into the transmitter shift register and the TRDY bit is
again set to 1.

5.4.3.3. status Register

The status register consists of bits that indicate status conditions in the SPI core.
Each bit is associated with a corresponding interrupt-enable bit in the control
register, as discussed in the Control Register section. A host peripheral can read
status at any time without changing the value of any bits. Writing status does clear
the ROE, TOE and E bits.

Table 19. status Register Bits

# Name Description

3 ROE Receive-overrun error
The ROE bit is set to 1 if new data is received while the rxdata register is full (that is, while the RRDY
bit is 1). In this case, the new data overwrites the old. Writing to the status register clears the ROE bit
to 0.

4 TOE Transmitter-overrun error
The TOE bit is set to 1 if new data is written to the txdata register while it is still full (that is, while the
TRDY bit is 0). In this case, the new data is ignored. Writing to the status register clears the TOE bit
to 0.

5 TMT Transmitter shift-register empty
In host mode, the TMT bit is set to 0 when a transaction is in progress and set to 1 when the shift
register is empty.
In agent mode, the TMT bit is set to 0 when the agent is selected (SS_n is low) or when the SPI Agent
register interface is not ready to receive data.

6 TRDY Transmitter ready
The TRDY bit is set to 1 when the txdata register is empty.

7 RRDY Receiver ready
The RRDY bit is set to 1 when the rxdata register is full.

8 E Error
The E bit is the logical OR of the TOE and ROE bits. This is a convenience for the programmer to detect
error conditions. Writing to the status register clears the E bit to 0.

9 EOP End of Packet
The EOP bit is set when the End of Packet condition is detected. The End of Packet condition is detected
when either the read data of the rxdata register or the write data to the txdata register is matching
the content of the eop_value register.
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5.4.3.4. control Register

The control register consists of data bits to control the SPI core's operation. A host
peripheral can read control at any time without changing the value of any bits.

Most bits (IROE, ITOE, ITRDY, IRRDY, and IE) in the control register control
interrupts for status conditions represented in the status register. For example, bit 1
of status is ROE (receiver-overrun error), and bit 1 of control is IROE, which enables
interrupts for the ROE condition. The SPI core asserts an interrupt request when the
corresponding bits in status and control are both 1.

Table 20. control Register Bits

# Name Description

3 IROE Setting IROE to 1 enables interrupts for receive-overrun errors.

4 ITOE Setting ITOE to 1 enables interrupts for transmitter-overrun errors.

6 ITRDY Setting ITRDY to 1 enables interrupts for the transmitter ready condition.

7 IRRDY Setting IRRDY to 1 enables interrupts for the receiver ready condition.

8 IE Setting IE to 1 enables interrupts for any error condition.

9 IEOP Setting IEOP to 1 enables interrupts for the End of Packet condition.

10 SSO Setting SSO to 1 forces the SPI core to drive its ss_n outputs, regardless of whether a serial shift
operation is in progress or not. The slaveselect register controls which ss_n outputs are asserted.
SSO can be used to transmit or receive data of arbitrary size, for example, greater than 32 bits.

After reset, all bits of the control register are set to 0. All interrupts are disabled
and no ss_n signals are asserted.

5.4.3.5. slaveselect Register

The slaveselect register is a bit mask for the ss_n signals driven by an SPI host.
During a serial shift operation, the SPI host selects only the agent device(s) specified
in the slaveselect register.

The slaveselect register is only present when the SPI core is configured in host
mode. There is one bit in slaveselect for each ss_n output, as specified by the
designer at system generation time. The slaveselect register value is only updated
either at the beginning of the actual SPI transmission or when the SSO bit is set from
0 to 1.

A host peripheral can set multiple bits of slaveselect simultaneously, causing the
SPI host to simultaneously select multiple agent devices as it performs a transaction.
For example, to enable communication with agent devices 1, 5, and 6, set bits 1, 5,
and 6 of slaveselect. However, consideration is necessary to avoid signal
contention between multiple agents on their miso outputs.

Upon reset, bit 0 is set to 1, and all other bits are cleared to 0. Thus, after a device
reset, agent device 0 is automatically selected.
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5.4.3.6. end of packet value Register

The end of packet value register allows you to specify the value of the SPI data word.
The SPI data word acts as the end of packet word.

5.5. Example Test Code

The following code uses Nios II processor as an example. You can also modify and use
the code for Nios V processor.

#include "alt_types.h"
#include "sys/alt_stdio.h"
#include "io.h"
#include "system.h"
#include "sys/alt_cache.h"
#include "altera_avalon_spi.h"
#include "altera_avalon_spi_regs.h"
#include "sys/alt_irq.h"

//This is the ISR that runs when the SPI Slave receives data

static void spi_rx_isr(void* isr_context){

        alt_printf("ISR :) %x \n" ,  
IORD_ALTERA_AVALON_SPI_RXDATA(SPI_SLAVE_BASE));

        //This resets the IRQ flag. Otherwise the IRQ will continuously run.
        IOWR_ALTERA_AVALON_SPI_STATUS(SPI_SLAVE_BASE, 0x0);
}

int main()
{
  alt_printf("Hello from Nios II!\n");

  int return_code,ret;
  char spi_command_string_tx[10] = "$HELLOABC*";

  char spi_command_string_rx[10] = "$HELLOABC*";

  //This registers the Slave IRQ with NIOS

  ret = 
alt_ic_isr_register(SPI_SLAVE_IRQ_INTERRUPT_CONTROLLER_ID,SPI_SLAVE_IRQ,spi_rx_i
sr,(void *)spi_command_string_tx,0x0);
  alt_printf("IRQ register return %x \n", ret);

  //You need to enable the IRQ in the IP core control register as well.
  
IOWR_ALTERA_AVALON_SPI_CONTROL(SPI_SLAVE_BASE,ALTERA_AVALON_SPI_CONTROL_SSO_MSK 
| ALTERA_AVALON_SPI_CONTROL_IRRDY_MSK);

  //Just calling the ISR to see if the function is OK.
  spi_rx_isr(NULL);

  return_code = alt_avalon_spi_command(SPI_MASTER_BASE,0 ,
                              1, spi_command_string_tx,
                              0, spi_command_string_rx,
                              0);

  return_code = alt_avalon_spi_command(SPI_MASTER_BASE,0 ,
                                1, &spi_command_string_tx[1],
                                0, spi_command_string_rx,
                                0);

  return_code = alt_avalon_spi_command(SPI_MASTER_BASE,0 ,
                                1, &spi_command_string_tx[2],
                                0, spi_command_string_rx,
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                                0);

  return_code = alt_avalon_spi_command(SPI_MASTER_BASE,0 ,
                                1, &spi_command_string_tx[3],
                                0, spi_command_string_rx,
                                0);

  if(return_code < 0)
                 alt_printf("ERROR SPI TX RET = %x \n" , return_code);

  alt_printf("Transmit done. RET = %x spi_rx %x
\n",return_code,spi_command_string_rx[0]);

  //RX is done via interrupts.
  alt_printf("Rx done \n");
  return 0;

}

5.6. SPI Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
• Software Programming Model.
• Example Test Code.

2021.03.29 21.1 Clarified the SDATA to IP clock sampling requirement in section: SPI Clock
(sclk) Rate.

2019.12.16 19.4 Added the following new sections:
• Synchronizer Stages
• Example Test Code

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

June 2016 2016.06.17 Updates:
• Removed content regarding Avalon-MM flow control
• Table 18 on page 54: eop_value added
• Table 19 on page 55: EOP added
• Table 20 on page 56: IEOP added
• end of packet value Register on page 57: New topic

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Revised register width in transmitter logic and receiver logic.
Added description on the disable flow control option.
Added R/W column in Table 8–3 .

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. Updated the width of the parameters
and signals from 16 to 32.

May 2008 v8.0.0 Updated the description of the TMT bit.
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6. SPI Agent/JTAG to Avalon Host Bridge Cores

6.1. Core Overview

The SPI Agent to Avalon Host Bridge and the JTAG to Avalon Host Bridge cores provide
a connection between host systems and Platform Designer systems via the respective
physical interfaces. Host systems can initiate Avalon Memory-Mapped (Avalon-MM)
transactions by sending encoded streams of bytes via the cores’ physical interfaces.
The cores support reads and writes, but not burst transactions.

This IP core supports the Motorola SPI Protocol, using the SPI clock phase bit, CPHA =
1, and SPI clock polarity bit, CPOL = 0 mode.

Note: This IP core supports Intel eASIC N5X devices.
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6.2. Functional Description

Figure 15. System with a SPI Agent to Avalon Host Bridge Core
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Figure 16. System with a JTAG to Avalon Host Bridge Core

Note: System clock must be at least 2X faster than the JTAG clock.
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The SPI Agent to Avalon Host Bridge and the JTAG to Avalon Host Bridge cores accept
encoded streams of bytes with transaction data on their respective physical interfaces
and initiate Avalon-MM transactions on their Avalon-MM interfaces. Each bridge
consists of the following cores, which are available as stand-alone components in
Platform Designer:

• Avalon-ST Serial Peripheral Interface and Avalon-ST JTAG Interface—
Accepts incoming data in bits and packs them into bytes.

• Avalon-ST Bytes to Packets Converter—Transforms packets into encoded
stream of bytes, and a likewise encoded stream of bytes into packets.

• Avalon-ST Packets to Transactions Converter—Transforms packets with data
encoded according to a specific protocol into Avalon-MM transactions, and encodes
the responses into packets using the same protocol.

• Avalon-ST Single Clock FIFO—Buffers data from the Avalon-ST JTAG Interface
core. The FIFO is only used in the JTAG to Avalon Host Bridge.

For the bridges to successfully transform the incoming streams of bytes to Avalon-
MM transactions, the streams of bytes must be constructed according to the
protocols used by the cores.

Note: When you connect the JTAG Avalon Host Bridge component to a agent that back-
pressures the host interface on this component, then using the System Console
master_write_from_file command may result in data loss at the host interface or
hung command in System Console.
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Figure 17. Bits to Avalon-MM Transaction (Write)
The following example shows how a bytestream changes as it is transferred through the different layers in the
bridges for write transaction.

00 00 00 047A 7C 00 02 4B 5A 407D 6A FF 03 5F7B4A 4A 4A 4D

00 00 00 04 02 4B 7A 40 4A FF 03 5F

Command Address Data

Writes four bytes of data (4A, FF, 03 and 5F) to address 0x024B7A40 

Packet Layer
Input:    Bytes
Output: Avalon-ST
             Packets

Transaction Layer
Input:    Avalon-ST 
             Packets
Output: Avalon-MM
             Transaction

00 00 00 047A 7C 00 02 4B 5A 407D 4A FF 03 5F7B

LSB MSB

Idle Idle Idle Escape

Dropped

Escape is dropped. 
Next byte is XORed 
with 0x20.

Physical Layer
Input:    Bits (MOSI bus)
Output: Bytes

SOP Ch 0 Escape

Escape is dropped.
Next byte is XORed 
with 0x20.

EOP

Bytes carried over
the physical interface
after idles and escapes 
have been inserted.
The length of the packet
is extended according to 
the byte size. 

The packet encoded 
as bytes.

The transaction 
encapsulated as a 
packet.

The Avalon-MM
transaction.

...

0x7B is marked as
the end of the packet

Byte SizeTransaction Code

Escape (0x7d) is inserted because 
the following data byte is a special 
character (0x7A and 0x4A)

Escape (0x7d) is inserted because 
the following data byte is a special 
character (0x7A and 0x4A)

Figure 18. Write Response
After sending a write transaction packet through MOSI bus, the host has to initiate 8 bytes of IDLE transaction
on the MOSI bus in order to get the write response from the MISO bus. The following figure shows the write
response transaction that constructed by the bridge in the MISO bus. The most significant bit of the command
is inversed.

7C 00 7A 80 00 00 7B 04

SOP EOP

Ch 0 Command Byte Size

LSB MSB
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Figure 19. Bits to Avalon-MM Transaction (Read)
The following figure shows how a bytestream changes as it is transferred through the different layers in the
bridges for a read transaction.

10 00 00 047A 7C 00 02 4B 5A 407D4A 4A 4A

10 00 00 04 02 4B 7A 40

Command Address

Reads four bytes of data to address 0x024B7A40

Packet Layer
Input:    Bytes
Output: Avalon-ST
             Packets

Transaction Layer
Input:    Avalon-ST 
             Packets
Output: Avalon-MM
             Transaction

10 00 00 047A 7C 00 02 4B 5A7D

LSB MSB

Idle Idle Idle

Dropped

Physical Layer
Input:    Bits (MOSI bus)
Output: Bytes

SOP Ch 0 Escape

Escape is dropped.
Next byte is XORed 
with 0x20.

Bytes carried over
the physical interface
after idles and escapes 
have been inserted. 

The packet encoded 
as bytes.

The transaction 
encapsulated as a 
packet.

The Avalon-MM
transaction.

...

7B

EOP

407B

EOP

Figure 20. Read Response
After sending a read transaction through MOSI bus, the host has to initiate IDLE transaction on the MOSI bus
to get the read response from the MISO bus. There is a possibility that the Avalon agent device is yet to return
the read data, therefore the bridge returns 0x4A until read data is received. When read data is received by the
bridge, it sends channel byte as the first byte followed by the SOP and data byte. The following figure shows
the read response transaction that constructed by the bridge in the MISO bus.

7C 00 7A 99 88 77 7B 66

SOP EOP

Ch 0 Data

LSB MSB
4A4A4A4A

Idle 

Related Information

• Avalon-ST Serial Peripheral Interface Core on page 40

• Avalon-ST Bytes to Packets and Packets to Bytes Converter Cores on page 557

• Avalon Packets to Transactions Converter Core on page 546

• Avalon-ST Single-Clock and Dual-Clock FIFO Cores on page 34

6.3. Parameters

For the SPI Agent to Avalon Host Bridge core, the parameter Number of
synchronizer stages: Depth allows you to specify the length of synchronization
register chains. These register chains are used when a metastable event is likely to
occur and the length specified determines the meantime before failure. The register
chain length, however, affects the latency of the core.

For more information on metastability in Intel FPGA devices, refer to AN 42:
Metastability in Intel FPGA devices.
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For more information on metastability analysis and synchronization register chains,
refer to the Area and Timing Optimization chapter in volume 2 of the Intel Quartus
Prime Handbook.

6.4. SPI Agent/JTAG to Avalon Host Bridge Cores Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2019.04.01 19.1 Updated information about read and write transactions in Functional
Description.

2018.05.07 18.0 • Corrected the Figure: Bits to Avalon Memory-Mapped Interface
Transaction (Read).

• Implemented editorial enhancements.

Date Version Changes

May 2017 2017.05.08 Read operation added: Figure 19 on page 63

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 Added description of a new parameter Number of synchronizer stages:
Depth.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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7. Intel eSPI Agent Core
The Intel Enhanced SPI (eSPI) agent core allows you to communicate with an eSPI
host such as the Platform Controller Hub (PCH) on a mother board using Intel MAX 10
device.

Related Information

Enhanced Serial Peripheral Interface (eSPI) Base Specification
Provides more information about the architecture of eSPI bus interface for both
client and server platforms.
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7.1. Functional Description

Figure 21. Block Diagram
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espi_clk

espi_reset_n

espi_cs_n
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espi_alert_n

irq

clk

reset_n

avmm_read

avmm_readdata [31:0]

avmm_write

avmm_writedata [31:0]

avmm_address [4:0]

rsmrst_n

slp_s5_n
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oob_rst_ack
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pme_n

sci_n

smi_n
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host_rst_ack

slave_boot_load_status

slave_boot_load_done

pc_port<n>_<direction> [(m-1): 0] (1)

vw_irq0 [7:0]

vw_irq1 [7:0]

Link Layer

Transaction Layer

Channel Specific Layer

eSPI Core

(1) Configurable pc_port to input and output, support port00 to portA0. For example: pc_port80_in or pc_port80_out. Refer to  the Interface Signal section for more details.

7.1.1. Link Layer

In the Link Layer, the Condition Detector block shifts the serial data bus in (receive)
and out (transmit) in eSPI clock domain. The input serial data is translated into
parallel form and sent to transaction layer. The parallel data bus from the transaction
layer is translated into serial form in the condition detector and sent out as the eSPI
output data.

During the single I/O mode, the espi_data[1:0] I/O pins are unidirectional to form
an unidirectional data bus. Data is driven using espi_data[0] during the command
phase, and espi_data[1] the during response phase. The eSPI agent is required to
tri-state espi_data[1] during command phase as espi_data[1] can be driven by
eSPI host such as when initiating an In-Band Reset command.

7. Intel eSPI Agent Core
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During the dual I/O mode, the espi_data[1:0] I/O pins are bi-directional to form a
bi-directional data bus. All the command and response phases are transferred over the
two bidirectional pins at the same time, which effectively doubles the transfer rate
than that of the single I/O mode.

During the quad I/O mode, the espi_data[3:0] I/O pins are bi-directional data bus.
All the command and response phases are transferred over the four bi-directional pins
at the same time, which effectively doubles the transfer rate than that of the dual I/O
mode.

During eSPI transaction, each field is shifted in a defined order. For multi-bytes field,
the shifting order is as following:

• Header (length and address): Most Significant Byte (MSB) to Least Significant
Byte (LSB)

• Data: LSB to MSB

• Status: LSB to MSB

Figure 22. Byte Ordering on the eSPI Bus
This is an example of a host initiated a peripheral channel memory read.
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Length: MSB to LSB
Tag and Length [11:8] followed by Length [7:0]

Address: MSB to LSB
Address [31:24] followed by Address [23:16], Address [15:8], and Address [7:0] 

Length: MSB to LSB
Tag and Length [11:8] followed by Length [7:0]

Data: LSB to MSB
Data [7:0] followed by Data [15:8], Data [23:16], and Data [31:24]

Status: LSB to MSB
Status [7:0] followed by Status [15:8]

7    6    5    4    3    2    1    0

Each byte is shifted out from Most Significant Bit to Least Significant Bit.
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7.1.2. Transaction Layer

The RX Shifter block in the transaction layer gets the parallel data bus from the link
layer. It identifies the fields of an eSPI transaction such as Header, Data, or Status and
sends it to the Command Detector block for decoding. On the transmit side, the
Response Generator block gathers information about the eSPI transaction. Thereafter,
the TX shifter block sends out the transaction as per the field order to the link layer.

The transaction layer also contains an Error Detection and Handling block. There is no
error correction capability or hardware recovery mechanism defined for the eSPI bus.
The eSPI agent core categorize and handles the errors detected on the eSPI bus as
following:

Table 21. Error Detection and Handling Categories

Error Condition eSPI Agent Core Response and Handling

Invalid command opcode Command is discarded. eSPI agent core response with
NO_RESPONSE opcode.

Invalid cycle type Command is discarded. eSPI agent core response with
NO_RESPONSE opcode.

Command phase CRC error Command is discarded. eSPI agent core response with
NO_RESPONSE opcode.

Unexpected espi_cs_n de-assertion
eSPI agent core tri-state the data bus after espi_cs_n is
deasserted and follows tSHQZ rule. It also triggers CRC error
during response phase only if CRC checking is enabled.

Protocol error:
• PUT without FREE
• GET without AVAILABLE

Command is discarded. eSPI agent core response with
FATAL_ERROR opcode.

Malformed packet during command phase:
• Peripheral Channel:

— Payload length > Maximum Payload Size
— Read Request Size > Maximum Read Request Size
— (Address + Length) > 4Kb

• Virtual Wire Channel:
— Count > Maximum Virtual Wire Count

Command is discarded. eSPI agent core response with
FATAL_ERROR opcode.

When PORT 00h to PORT 100h only supports
PC_CHANNEL IO SHORT command and the host issues
IO READ/WRITE SHORT command to address outside of
00h to 100h.

Command is discarded. eSPI agent core response with
NON_FATAL_ERROR opcode.

Besides the Error Detection and Handling block, there is a CRC-8 Generator block to
protect the eSPI transaction packets. The command phase and response phase
contain their respective CRC byte. For command phase, the CRC calculation includes
all the bytes during the command phase such as the Command Opcode, Header and
Data. For response phase, the CRC calculation includes all the bytes during the
response phase such as the Response Opcode (except WAIT_STATE), Header, Data
and Status. The CRC checking is disabled by default. To enable CRC checking, set the
CRC Checking Enable bit using the SET_CONFIGURATION command.

7.1.3. Channel Specific Layer

Currently, the eSPI agent core only supports Channel 0 and Channel 1. However, the
eSPI agent core is designed to support future expansion for other channel specification
such as OOB and Flash Access Channel.

7. Intel eSPI Agent Core
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7.1.3.1. Peripheral Channel

The peripheral channel allows you to communicate between the eSPI host and the
eSPI endpoints located at the agent side (example: PORT80). To reset the channel,
use the platform reset (PLTRST_n VW).

You can enable the peripheral IO access and configure the port width and direction
using the Platform Designer. The eSPI agent core allocates address range from 00h to
A0h to access the peripheral IO. See Table: Peripheral IO Port Configuration for more
details. By default, the pc_port80 has 8-bit data width. Each address location can be
configured as 8-bit wide, 16-bit wide or 32-bit wide.

When you set an IO port to 8-bit wide, you must access the port using
PUT_IORD_SHORT 1 byte/PUT_IOWR_SHORT 1 byte command. When you set an
IO port to 16-bit wide, you must access the port using PUT_IORD_SHORT 2 byte/
PUT_IOWR_SHORT 2 byte command. When you set an IO port to 32-bit wide, you
must access the port using PUT_IORD_SHORT 4 byte/PUT_IOWR_SHORT 4 byte
command.

PUT_PC or PUT_NP loads packets into the FIFO while GET_PC or GET_NP flushes out
packets from the FIFO. Decoder decodes address bytes from the header and sends
data out to the corresponding output port.

Table 22. Peripheral IO Port Configuration

Address Data Width Port Name Port Direction Enable

00h 8/16/32 pc_port00 Input/Output Yes/No

10h 8/16/32 pc_port10 Input/Output Yes/No

20h 8/16/32 pc_port20 Input/Output Yes/No

30h 8/16/32 pc_port30 Input/Output Yes/No

40h 8/16/32 pc_port40 Input/Output Yes/No

50h 8/16/32 pc_port50 Input/Output Yes/No

60h 8/16/32 pc_port60 Input/Output Yes/No

70h 8/16/32 pc_port70 Input/Output Yes/No

80h 8/16/32 pc_port80 Input/Output Yes/No

90h 8/16/32 pc_port90 Input/Output Yes/No

A0h 8/16/32 pc_portA0 Input/Output Yes/No

7.1.3.2. Virtual Wire Channel

The virtual wire (VW) channel allows you to communicate the state of the GPIO
tunneled through eSPI bus as in-band messages. The command phase consists of a
command opcode, virtual wire count, virtual wire index, virtual wire data and CRC.
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Figure 23. Virtual Wire Packet
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The virtual wire count indicates the number of virtual wire groups communicated by
the packet. It is followed by one or more virtual wire groups. Each virtual wire group
consists of 2 bytes, namely the virtual wire index and the virtual wire data. The eSPI
agent core supports System Event, and Server Platform Specific virtual wire index.

Table 23. System Event Virtual Wire Index

Virtual
Wire
Index

Direction
Virtual Wire Data Byte

Reset
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0

2h Host to
Agent Valid bit for Bit 3- Bit 0 Reserved SLP_S5

_n
SLP_S4
_n

SLP_S3
_n

rsmrst
_n

3h Host to
Agent Valid bit for Bit 3- Bit 0 Reserved OOB_RS

T_WARN
PLTRST
_n

SUS_ST
AT_n

espi_r
eset_n

4h Agent to
Host Valid bit for Bit 3- Bit 0 PME_n WAKE_n

Reserve
d

OOB_RS
T_ACK

espi_r
eset_n

5h Agent to
Host Valid bit for Bit 3- Bit 0

SLAVE_B
OOT_LOA
D_STATU

S

- -

SLAVE_
BOOT_L
OAD_DO
NE

espi_r
eset_n

6h Agent to
Host Valid bit for Bit 3- Bit 0 HOST_RS

T_ACK
RCIN_n SMI_n SCI_n

PLTRST
_n VW

7h Host to
Agent Valid bit for Bit 3- Bit 0 Reserved NMIOUT

_n
SMIOUT
_n

HOST_R
ST_WAR

N

PLTRST
_n VW
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Table 24. Server Platform Specific Virtual Wire Index

Virtual
Wire
Index

Direction
Virtual Wire Data Byte

Reset
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0

40h Agent to
Host Valid bit for Bit 3- Bit 0 Reserved Reserve

d
Reserve

d
SUS_AC
K_n

espi_r
eset_n

41h Host to
Agent Valid bit for Bit 3- Bit 0 SLP_A_n

Reserve
d

SUS_PW
RDN_AC

K

SUS_WA
RN_n

espi_r
eset_n

42h Host to
Agent Valid bit for Bit 3- Bit 0 Reserved Reserve

d
SLP_WL
AN_n

SLP_LA
N_n

rsmrst
_n

43h Host to
Agent Valid bit for Bit 3- Bit 0 PCH_TO_

EC_3
PCH_TO
_EC_2

PCH_TO
_EC_1

PCH_TO
_EC_0

espi_r
eset_n

44h Host to
Agent Valid bit for Bit 3- Bit 0 PCH_TO_

EC_7
PCH_TO
_EC_6

PCH_TO
_EC_5

PCH_TO
_EC_4

espi_r
eset_n

45h Agent to
Host Valid bit for Bit 3- Bit 0 EC_TO_P

CH_3
EC_TO_
PCH_2

EC_TO_
PCH_1

EC_TO_
PCH_0

espi_r
eset_n

46h Agent to
Host Valid bit for Bit 3- Bit 0 EC_TO_P

CH_7
EC_TO_
PCH_6

EC_TO_
PCH_5

EC_TO_
PCH_4

espi_r
eset_n

47h Host to
Agent Valid bit for Bit 3- Bit 0 Reserved Reserve

d
Reserve

d
HOST_C
10

PLTRST
_n VW

7.1.4. Port80 Implementation

To send a Port80 message, the eSPI host:

1. sends PUT_IOWR_SHORT 1 byte as the command

2. 80h as the address bytes in header

3. followed by a byte of data and CRC

The port80[7:0] gets 8-bit data. After, 2 clock cycles of turn around time, the eSPI
agent core sends back ACCEPT as the response code, and followed by the status
register value and CRC.

Figure 24. eSPI Host Initiated Short IO Write Transaction

7.1.5. VW message to Physical Port Implementation

To assert the output ports that connect to the Virtual Wire channel, the eSPI host:

1. sends PUT_VWIRE as the command

2. assign a virtual wire count value

3. assign the virtual wire index of the corresponding output port

4. followed by a byte of data and CRC
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For example, when the eSPI host is asserting SLP_S3_n, the virtual wire index is 2h
and data byte is 8‘b00010110. The virtual wire tunneled through eSPI takes effect at
the receiver only when the espi_cs_n is deasserted.

Figure 25. Virtual Wire Transaction

When the logical state of the output ports which connect to the Virtual Wire channel
changes, the new state must be communicated to the eSPI host. In this case, the eSPI
agent core initiates an Alert event to the eSPI host. Then, eSPI host triggers a
GET_STATUS transaction, followed by a GET_VWIRE transaction.

7.1.6. Avalon Memory-Mapped Interface Settings

Table 25. Avalon Memory-Mapped Interface Settings

Setting Field Value

readLatency 2

readWaitTime 0

writeWaitTime 0

addressUnits WORDS

bitsPerSymbol 8

maximumPendingReadTransactions 0

maximumPendingWriteTransactions 0

burstOnBurstBoundariesOnly false
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7.2. Resource Utilization

Table 26. eSPI Agent Core Resource Utilization

Device Resource Value

Intel MAX 10

FMAX 150 MHz(4)

Logic cells 1586

Dedicated logic registers 813

M9Ks 5

7.3. IP Parameters

Table 27. Parameter List
You can configure these parameter using the Platform Designer.

Parameter Name Default Value Description

eSPI Mode of Operation Single I/O

Allows you to set I/O configuration. Available options:
• Single I/O
• Single and Dual I/O
• Single and Quad I/O
• Single, Dual, and Quad I/O

Frequency of Operation 20MHz

Allows you to set the operational frequency. Available
options:
• 20MHz
• 25MHz
• 33MHz
• 50MHz
• 66MHz(5)

Channel Supported Peripheral Channel

Allows you to set the channel support. Available option:
• Virtual Wire Channel
• Peripheral Channel
• All Channel

Peripheral Channel Maximum
Payload Size Supported 64 bytes

Allows you to set the maximum payload size for
peripheral channel. Available options:
• 64 bytes

Peripheral Channel Maximum Read
Request Size Supported 64 bytes

Allows you to set the maximum read request size for
peripheral channel. Available options:
• 64 bytes

Maximum Virtual Wire Count
Supported (0-based) 0x07 Allows you to set the maximum virtual wire count. Legal

values:
continued...   

(4) The clock ratio between eSPI clock and the IP clock must be x3. Intel recommends to run
eSPI clock of 66MHz in Intel Arria 10 device and with IP clock above 200MHz. Currently, the
eSPI clock of 66MHz is not supported in Intel MAX 10 devices.

(5) The clock ratio between eSPI clock and the IP clock must be x3. Intel recommends to run
eSPI clock of 66MHz in Intel Arria 10 device and with IP clock above 200MHz. Currently, the
eSPI clock of 66MHz is not supported in Intel MAX 10 devices.
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Parameter Name Default Value Description

• 0x07: 8 count
• 0x08: 9 count
• 0x09: 10 count
• 0x0A: 11 count
• 0x0B: 12 count
• 0x0C: 13 count
• 0x0D: 14 count
• 0x0E: 15 count
• 0x0F: 16 count

7.4. Interface Signals

Table 28. Interface Signals

Signal Names Width (bit) Direction Description

Clock Interface

clk 1 Input Input clock signal.

Reset Interface

reset_n 1 Input Synchronous reset signal.

Avalon-MM Agent Interface(6)

avmm_read 1 Input
Use this signal to enable read from the
status register, error register, posted RX fifo
or non-posted RX fifo.

avmm_readdata[31:0] 32 Output
Use this signal to read data from the status
register , error register, posted RX fifo or
non-posted RX fifo.

avmm_write 1 Input Use this signal to enable write to posted TX
fifo or non-posted TX fifo.

avmm_writedata[31:0] 32 Input Use this signal to write data to posted TX fifo
or non-posted TX fifo.

avmm_address[4:0] 5 Input Avalon address determines address to
access the respective register/fifo.

Interrupt Signal

irq 1 Output
Interrupt signal reflects update to status
register. It is also triggered when the error
register bit is asserted.

eSPI Interface

espi_clk 1 Input
eSPI serial clock signal.
Frequency range: 20MHz to 66 MHz.

espi_reset_n 1 Input eSPI reset signal.

espi_cs_n 1 Input eSPI chip select signal.

continued...   

(6) Use Avalon-MM interface to access the status register with Avalon address set to 00h and also
the FIFO in the PC channel with Avalon address set to 04h.
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Signal Names Width (bit) Direction Description

espi_data[1:0]/[3:0] 2 or 4 Input/Output

eSPI bi-directional data bus. Data bus
configuration is determined by the eSPI
Mode of Operation parameter.
• 2-bit data bus:

— Single I/O
— Single and Dual I/O

• 4-bit data bus:
— Single and Quad I/O
— Single, Dual and Quad I/O

espi_alert_n 1 Output eSPI alert signal.

Conduit

slp_s5_n 1 Output
S5 sleep control signal is sent when the
power to non-critical systems should be shut
off in S5.

slp_s4_n 1 Output
S4 sleep control signal is sent when the
power to non-critical systems should be shut
off in S4.

slp_s3_n 1 Output
S3 sleep control signal is sent when the
power to non-critical systems should be shut
off in S3.

slp_a_n 1 Output
Use sleep A signal to support ASW devices
that needs power in the SX platform when
the Intel ME is on.

slp_lan_n 1 Output
LAN sub-system sleep control signal is sent
when the power to external wired LAN PHY
can be shut off.

slp_wlan_n 1 Output
Wireless LAN sub-system sleep control signal
is sent when the power to external wireless
LAN PHY can be shut off.

sus_stat_n 1 Output Suspend status signal is sent when the
system is about to enter a low power state.

sus_pwrdn_ack 1 Output Suspend power down acknowledgement
signal.

sus_warn_n 1 Output Suspend warning signal.

oob_rst_warn 1 Output Host sends this signal before the OOB
processor is about to reset.

host_rst_warn 1 Output Host sends this signal before the host is
about to reset.

smiout_n 1 Output Host sends this signal indicating the
occurrence of SMI event.

nmiout_n 1 Output Host sends this signal indicating the
occurrence of NMI event.

host_c10 1 Output Indicates that the host CPU has entered
deep power down state C10 or deeper.

pch_to_ec[7:0] 8 Output
8 independent virtual wire placeholder from
the platform controller hub (eSPI host) to
the eSPI agent IP.

ec_to_pch[7:0] 8 Input
8 independent virtual wire placeholder from
eSPI agent IP to the platform controller hub
(eSPI host).

continued...   
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Signal Names Width (bit) Direction Description

sus_ack_n 1 Input Suspend acknowledgement signal.

oob_rst_ack 1 Input OOB reset acknowledgement signal.

wake_n 1 Input
This signal wakes up host from Sx on any
event. It can also wake up on LID switch or
AC insertion event.

pme_n 1 Input This signal wakes up host from Sx through
PCI defined PME.

sci_n 1 Input General purpose alert signal which results in
OS invoking ACPI method.

smi_n 1 Input General purpose alert signal which results in
BIOS invoking SMI code.

rcin_n 1 Input To request CPU reset on behalf of the
keyboard controller.

host_rst_ack 1 Input Host reset acknowledgement signal.

slave_boot_load_done 1 Input Indicates the boot load completion.

slave_boot_load_status 1 Input Indicates the boot load status.

pc_port<n>_<direction>
[(m-1):0]

m = 8/16/32 Input/Output

Peripheral channel IO ports with configurable
data width and direction.
n = configurable value from 00 to A0.
For example: pc_port80_out[15:0]

rsmrst_n 1 Input This signal provides input reset to some of
the virtual wire index.

7.5. Registers

7.5.1. Avalon-MM Interface Accessible Registers

Table 29. Avalon-MM Interface Accessible Register Map

Offset Address Register Name Access Type Width (bits)

0x0h Status Register R 32

0x4h Control Register W 32

0x8h Posted RX FIFO(7) R 8

0xCh Posted TX FIFO(8) W 8

continued...   

(7) eSPI host issue command such as PUT_PC , or PUT_MEMWR_SHORT to write data byte into
this FIFO. To retrieve data from this FIFO, use Avalon read signal.

(8) Issue Avalon Write command to write response data into this FIFO.
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Offset Address Register Name Access Type Width (bits)

0x10h Non-posted RX FIFO(9) R 8

0x14h Non-posted TX FIFO(8) W 8

0x18h Error Register R/W1C 32

7.5.1.1. Status Register

Table 30. Status Register Bit Description

Bit Type Status Field Description

0 R PCRXFIFO_AVAIL

The following values indicates:
• 1: Channel 0 Posted RXFIFO has a peripheral posted

or completion header. And data up to maximum
payload size is available for read.

• 0: Channel 0 Posted RXFIFO is empty.

1 R NPRXFIFO_AVAIL

The following values indicates:
• 1: Channel 0 Non-posted RXFIFO has a peripheral

non-posted header available for read.
• 0: Channel 0 Non-posted RXFIFO is empty.

31:2 - - Reserved.

7.5.1.2. Control Register

Table 31. Control Register Bit Description

Bit Type Control Field Description

0 W PCTXFIFO_AVAIL

Write the following values:
• 1: To indicate that the Channel 0 Posted TXFIFO has a

peripheral posted or completion header. And data up
to maximum payload size is available.

• 0: Clear by hardware.

1 W NPTXFIFO_AVAIL

Write the following values:
• 1: To indicate that the Channel 0 Non-posted TXFIFO

has a complete peripheral non-posted header
available.

• 0: Clear by hardware.

31:2 - - Reserved.

7.5.1.3. Error Register

Table 32. Error Register Bit Definition
To clear any of the following register bits, write 1 to that respective bit.

Bit Type Error Field

0 R/W1C Invalid Command Opcode

1 R/W1C Invalid Cycle Type

continued...   

(9) eSPI host issue command such as PUT_NP, PUT_MEMRD_SHORT, PUT_IORD_SHORT, or
PUT_IOWR_SHORT to write data byte into this FIFO. To retrieve data from this FIFO, use
Avalon read signal.
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Bit Type Error Field

2 R/W1C Command Phase CRC Error

3 R/W1C Unexpected de-assertion of espi_cs_n

4 R/W1C Put without Free

5 R/W1C Get without Available

6 R/W1C Malformed packet in Peripheral Channel

7 R/W1C Malformed packet in Virtual Wire Channel

31:8 - Reserved

7.5.2. eSPI Interface Accessible Registers

7.5.2.1. eSPI Status Register

This status register reflects the status of the eSPI agent IP. You can access this
register using the GET_STATUS command through eSPI interface. You can also access
this register via Avalon-MM by asserting the read request with Avalon-MM address
00h.

During the response phase, the status field is always returned to the eSPI host. The
received command is only decoded after the deassertion of espi_cs_n signal.
Therefore, the implementation effect of a queued command is reflected in the status
of the subsequent transaction.

The eSPI status register bits are read-only and cleared by espi_reset_n.

Table 33. eSPI Status Register Bit Description

Bit Status Field Description

0 PC_FREE

The following values indicates:
• 1: Channel 0 Posted FIFO is empty to accept peripheral posted or

completion header and data up to maximum payload size.
• 0: Channel 0 Posted FIFO has one complete peripheral posted or

completion header & data packet.

1 NP_FREE

The following values indicates:
• 1: Channel 0 Non-posted FIFO is empty to accept peripheral non-

posted or completion header and data up to maximum payload
size.

• 0: Channel 0 Non-posted FIFO has one complete peripheral non-
posted or completion header & data packet.

2 VWIRE_FREE The value is always 1.

3 OOB_FREE The value is always 1.

4 PC_AVAIL

The following values indicates:
• 1: Channel 0 Posted FIFO has a peripheral posted or completion

header. And data up to maximum payload size is available to
send.

• 0: Channel 0 Posted FIFO is empty.

5 NP_AVAIL The following values indicates:

continued...   
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Bit Status Field Description

• 1: Channel 0 Non-posted FIFO has a peripheral non-posted or
completion header. And data up to maximum payload size is
available to send.

• 0: Channel 0 Non-posted FIFO is empty.

6 VWIRE_AVAIL

The following values indicates:
• 1: Channel 1 has a tunneled virtual wire available to send.
• 0: Channel 1 is empty.

7 OOB_AVAIL The value is always 0.

8 FLASH_C_FREE The value is always 1.

9 FLASH_NP_FREE The value is always 1.

10 Reserved -

11 Reserved -

12 FLASH_C_AVAIL The value is always 0.

13 FLASH_NP_AVAIL The value is always 0.

14 Reserved -

15 Reserved -

7.5.2.2. Capabilities and Configuration Registers

You can access these register using the GET_CONFIGURATION and
SET_CONFIGURATION commands. When you configure the registers using the
SET_CONFIGURATION command, the new register value takes affect only at the
deassertion edge of espi_cs_n.

The capabilities and configuration register bits are reset by espi_reset_n.

Table 34. Capabilities and Configuration Register Map

Offset Register Name

0x4 Device Identification

0x8 General Capabilities and Configurations

0x10 Channel 0 Capabilities and Configurations

0x20 Channel 1 Capabilities and Configurations

0x30 Channel 2 Capabilities and Configurations

0x40 Channel 3 Capabilities and Configurations

Table 35. Device Identification Register Description

Bit Access Type Default Value Description

31:8 - - Reserved.

7:0 R 0x01 Indicates the Version ID that is compliant to the specific eSPI
specification revision.
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Table 36. General Capabilities and Configurations Register Description

Bit Access Type Default Value Description

31 RW 0
CRC Checking:
• 1: CRC checking is enabled
• 0: CRC checking is disabled

30:29 - - Reserved.

28 RW 0
Alert Mode:
• 1: espi_alert_n is used to signal the Alert event
• 0: espi_data[1] is used to signal the Alert event

27:26 RW 2'b00

I/O Mode Select:
• 2'b00: Single I/O
• 2'b01: Dual I/O
• 2'b10: Quad I/O
• 2'b11: Reserved

25:24 R - Indicates value set for eSPI Mode of Operation parameter.

23 - - Reserved.

22:20 RW 3'b000

Operating Frequency:
• 3'b000: 20MHz
• 3'b001: 25MHz
• 3'b010: 33MHz
• 3'b011: 50MHz
• 3'b100: 66MHz

19 - - Reserved.

18:16 R - Indicates value set for Frequency of Operation parameter.

15: 12 RW 4'b0000

The maximum Wait State allowed before responding with an
ACCEPT, DEFER, NON_FATAL ERROR or FATAL ERROR response
code:
• 4'b0000: 16 byte time
• 4'b0001: 1 byte time
• 4'b0010: 2 byte time
• 4'b0011: 3 byte time
• .....
• 4'b1111: 15 byte time

11:8 - - Reserved.

7:0 R - Indicates value set for Channel Supported parameter.

Table 37. Channel 0 Capabilities and Configurations Register Description

Bit Access Type Default Value Description

31:15 - - Reserved.

14:12 RW 3'b001

Peripheral Channel Address Aligned Maximum Read Request
Size:
• 3'b000: Reserved
• 3'b001: 64 bytes
The length of the read request must not cross the naturally
aligned address boundary of the corresponding Maximum Read
Request Size.

11 - - Reserved.

continued...   
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Bit Access Type Default Value Description

10:8 RW 3'b001

Peripheral Channel Address Aligned Maximum Payload Size
Selected:
• 3'b000: Reserved
• 3'b001: 64 bytes
It must never be more than the value stated in the Peripheral
Channel Maximum Payload Size Supported field.The
payload of the transaction must not cross the naturally aligned
address boundary of the corresponding Maximum Payload Size.

7 - - Reserved.

6:4 R - Indicates value set for Peripheral Channel Maximum
Payload Size Supported parameter.

3:2 - - Reserved.

1 R 0
Peripheral Channel Ready:
• 1: Channel is ready
• 0: Channel is not ready

0 RW 1

Peripheral Channel Enable:
• 1: Channel is enabled
• 0: Channel is disabled
While you clear this bit from 1 to 0, this triggers a reset to the
Peripheral Channel.

Table 38. Channel 1 Capabilities and Configurations Register Description

Bit Access Type Default Value Description

31:22 - - Reserved.

21:16 RW 0

Operating Maximum Virtual Wire Count - The maximum number
of Virtual Wire groups that can be sent in a single Virtual Wire
packet. The value configured in this field must never be more
than the value stated in MAX_VW_COUNT. The default value 0
indicates count of 1. Other legal values:
• 6'b000111: 8 count
• 6'b001000: 9 count
• 6'b001001: 10 count
• 6'b001010: 11 count
• 6'b001011: 12 count
• 6'b001100: 13 count
• 6'b001101: 14 count
• 6'b001110: 15 count
• 6'b001111: 16 count

15:14 - - Reserved.

13:8 R - Indicates value set for MAX_VW_COUNT parameter.

7:2 - - Reserved.

1 R 0
Virtual Wire Channel Ready:
• 1: Channel is ready
• 0: Channel is not ready

0 RW 0

Virtual Wire Channel Enable:
• 1: Channel is enabled
• 0: Channel is disabled
When you clear this bit, it does not reset the Virtual Wire
Channel. Therefore, the state of all the Virtual Wires must be
maintained.
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7.6. Peripheral Channel Avalon Interface Use Model

Each Avalon read command reads back only 8-bit data. Even though the Avalon
Memory-Mapped Interface read data is 32-bit wide, but only 8-bits (LSB) are used.
This behavior applies to Avalon write command too.

When eSPI host sends PUT_IORD_SHORT or PUT_IOWR_SHORT command, these
packets are not stored inside the FIFOs. The packet data is directly sent to
pc_port**_in port or picked from /pc_port**_out port.

You must use the following format while sending the response packet to PCTXFIFO:

cycletype (SUCCESSFUL_COMPLETION_WITH_DATA/UNSUCCESSFUL_COMPLETION)
-> MSB length -> LSB length -> DATA (optional)

After writing a response packet to PCTXFIFO, you must write 1 to Avalon Control
Register (0x4h), indicating that the PCTXFIFO has a complete payload available.
Once this flag is triggered, the eSPI host is acknowledged (thru espi status
information) and fetchs the packet accordingly using the GET_PC command. Each
FIFO can only store one packet.

Use Avalon Status Register (0x0h) to verify that the eSPI host sent a complete packet
to PCRXFIFO (using PUT_PC/ PUT_MEMWR32_SHORT command) or NPRXFIFO (using
PUT_NP/ PUT_MEMRD32_SHORT command).

In the event of the following errors, the FIFO in the peripheral channel is flushed:

• Invalid cycle type

• Invalid command

• CRC mismatch

• Put FIFO without FIFO Free asserted

• Get FIFO without FIFO Available asserted

7.7. Intel eSPI Agent Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2020.07.22 20.2 Corrected the interface signal name callouts.

2018.09.24 18.1 • Corrected signal names (spi_* to espi_*).
• Updated on IP clock frequency in Table: eSPI Agent Core Resource

Utilization.
• Updated Avalon interface registers.
• Added a new section: Peripheral Channel Avalon Interface Use Model,

2018.05.07 18.0 Initial release.

7. Intel eSPI Agent Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

82

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 83 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



8. eSPI to LPC Bridge Core
The eSPI to LPC Bridge core allows interaction between the eSPI host as the upstream
device and LPC agent as the downstream device. This core primarily uses the eSPI
agent IP core with some additional blocks to convert the eSPI packets into LPC
transactions. This bridge does not use the Avalon interface to access the FIFOs in the
peripheral channel. However, the LPC interface signals allow you to connect the bridge
with downstream LPC device.

Note: The eSPI to LPC Bridge Core only supports Intel Arria 10 and Intel MAX 10 devices.

8.1. Unsupported LPC Features

This IP core does not support the following LPC features:

• DMA Read/Write cycle

• Bus Host Memory Read/Write cycle

• Bus Host IO Read/Write cycle

• LPC clock enable/disable

8.2. IP Parameters

Table 39. Parameter List
You can configure these parameters using the Platform Designer.

Parameter Name Default Value Description

eSPI Mode of Operation Single I/O

Allows you to set I/O configuration. Available options:
• Single I/O
• Single and Dual I/O
• Single and Quad I/O
• Single, Dual, and Quad I/O

Frequency of Operation 20MHz

Allows you to set the operational frequency. Available
options:
• 20MHz
• 25MHz
• 33MHz
• 50MHz
• 66MHz

Channel Supported Peripheral Channel

Allows you to set the channel support. Available option:
• Virtual Wire Channel
• Peripheral Channel
• All Channel

Peripheral Channel Maximum
Payload Size Supported 64 bytes Allows you to set the maximum payload size for

peripheral channel. Available options:

continued...   
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Parameter Name Default Value Description

• 64 bytes

Peripheral Channel Maximum Read
Request Size Supported 64 bytes

Allows you to set the maximum read request size for
peripheral channel. Available options:
• 64 bytes

Maximum Virtual Wire Count
Supported (0-based) 0x07

Allows you to set the maximum virtual wire count. Legal
values:
• 0x07: 8 count
• 0x08: 9 count
• 0x09: 10 count
• 0x0A: 11 count
• 0x0B: 12 count
• 0x0C: 13 count
• 0x0D: 14 count
• 0x0E: 15 count
• 0x0F: 16 count

Enable tri-state control ports on
LPC data bus and Serial IRQ line(10) Off Allow you to export LPC data bus and Serial IRQ signals

as tristate conduits instead of bi-directional signals.

8.3. Supported IP Clock Frequency

Table 40. IP Clock Frequency Support

Device Family eSPI Clock Frequency
(MHz)

Minimum IP Clock
Frequency (MHz)

Maximum IP Clock
Frequency (MHz)

Intel MAX 10

20 60 150

25 80 150

33 100 150

50(11) 150 150

Intel Arria 10 66 200 -

(10) This parameter is available in the Intel Quartus Prime software version 20.1 or later.

(11) You must enable the eSPI host sampling clock at falling edge to increase timing margin for
output delay.
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8.4. Functional Description

Figure 26. Block Digram
The figure depicts the eSPI agent IP core integrated with the eSPI-to-LPC bridge module.
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These signals are only available 
when you turn on the parameter: 
Enable tri-state control ports on 
LPC data bus and Serial IRQ line.

The lpc_bridge block must be used together with the peripheral_channel block.
Therefore, you must set the Channel Supported parameter bit 0 to 1 while using the
lpc_bridge.

The SERIRQ interrupt event is sampled and translated into VW index group. Therefore,
you must set the Channel Supported parameter bit 1 to 1 while using the SERIRQ
interrupt.

Note: Enable both channel, peripheral channel and virtual channel, to initialize the LPC
bridge internal signal correctly.

8.4.1. FIFO Implementation

All FIFOs are used in peripheral channel to buffer up the incoming transactions. When
the eSPI-to-LPC bridge is busy transferring data down the LPC interface, the
transactions from the eSPI host are stored using the PC_RXFIFO or NP_RXFIFO until
the bridge is idle. The PC_RXFIFO stores posted transactions while the NP_RXFIFO
stores non-posted transactions.

The RXFIFOs can store more than one eSPI transaction (command byte, header byte
and write data byte) until it is full. When the FIFO depth is less than
MAX_PC_PAYLOAD_SIZE + 1 complete header + 1 command byte or 1
complete header + 1 command byte for NP_RXFIFO, the PC_FREE/NP_FREE
status register bit is de-asserted.

The Pre_RXFIFO stores an incoming eSPI transaction for CRC error checking
purposes. CRC error check is performed after pushing the last byte of a eSPI
transaction into Pre_RXFIFO. If CRC error is high, then the eSPI transaction is
dropped to avoid translation into a LPC transaction. If CRC error is low, the eSPI
transaction is pushed into NP_RXFIFO or PC_RXFIFO for translating into a LPC
transaction.
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The PC_TXFIFO stores response transaction from the downstream LPC devices. The
PC_ AVAIL status register bit goes high only when a complete response transaction is
stored in the PC_TXFIFO.

The Pre_TXFIFO stores an incoming LPC transaction for error checking purposes. In
the event of LPC transaction abort or LPC transaction sync error, the transaction is
dropped from the Pre_TXFIFO. The transaction is pushed into PC_TXFIFO provided
that there is no error, then to eSPI host.

All the FIFOs are 8-bit wide. The figure below shows the content of the RXFIFO which
can store one complete eSPI transaction.

Figure 27. RXFIFO Contents

Data byte

Header byte

Command byte

Bit 7 Bit 0

Bit 7

Bit 7

Bit 0

Bit 0

(1)

(1)   Only for posted transaction.

Byte (n+1) to Byte m

Byte 1 to Byte n

Byte 0

8.4.2. Transaction Ordering Rule

When the LPC bridge is ready to fetch the transaction from the RXFIFOs, it always
pops the transaction from PC_RXFIFO (write transaction) first, then the transaction
from NP_RXFIFO (read transaction). This rule prevents any reading of old data.

8.4.3. eSPI Command to LPC Cycle Type Conversion

Table 41. Conversion List

eSPI Command Supported Sizes (in bytes) LPC Cycle Type

PUT_NP 1 to 64

Memory Read
PUT_MEMRD32_SHORT_1B 1

PUT_MEMRD32_SHORT_2B 2

PUT_MEMRD32_SHORT_4B 4

PUT_PC 1 to 64

Memory Write
PUT_MEMWR32_SHORT_1B 1

PUT_MEMWR32_SHORT_2B 2

PUT_MEMWR32_SHORT_4B 4

continued...   
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eSPI Command Supported Sizes (in bytes) LPC Cycle Type

PUT_IORD_SHORT_1B 1

IO ReadPUT_IORD_SHORT_2B 2

PUT_IORD_SHORT_4B 4

PUT_IOWR_SHORT_1B 1

IO WritePUT_IOWR_SHORT_2B 2

PUT_IOWR_SHORT_4B 4

8.4.4. SERIRQ Interrupt Event

The LPC bridge supports 16 lines IRQ/Data serializer by sampling the event of SERIRQ
signal from the LPC interface. A SERIRQ cycle transfer consists of three frame types:

• Start Frame: The agent device drives the SERIRQ line low to indicate the start of
IRQ transmission.

• IRQ/Data Frames (several): Peripherals transmit the IRQ information. The eSPI
bridge host supports 16 IRQ data frames. During the sample phase, the SERIRQ
device must drive the SERIRQ low, if and only if, its detected IRQ/Data value is
low. And if its detected IRQ/Data value is high, SERIRQ must be left tri-stated.
During the recovery phase, the device must drive the SERIRQ high, if and only if,
it had driven the SERIRQ low during the sample phase.

• Stop Frame: The Host Controller initiates a Stop frame to terminate SERIRQ
activity after all IRQ/Data Frames have completed. A Stop Frame is indicated
when the SERIRQ is low for two clock cycles. Stop frame occurs at 53-54 clock
cycles past the Start frame.

Figure 28. SERIRQ Event Timing Diagram

The start frame is 4 clock cycles, stop frame is 2 clock cycles, and the IRQ/Data
frames clock cycles are stated below:
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Table 42. IRQ/Data Frame Clock Period

IRQ/Data Frame Sampled Signal Number of Clocks after Start Frame

1 IRQ0 2

2 IRQ1 5

3 SMI# 8

4 IRQ3 11

5 IRQ4 14

6 IRQ5 17

7 IRQ6 20

8 IRQ7 23

9 IRQ8 26

10 IRQ9 29

11 IRQ10 32

12 IRQ11 35

13 IRQ12 38

14 IRQ13 41

15 IRQ14 44

16 IRQ15 47

17 Reserved -

Once the LPC bridge samples and derives the SERIRQ event, it translates the IRQ/
Data Frame into VW index bit as below:

Table 43. SERIRQ IRQ/Data Frame to VW Index Group Mapping

SERIRQ Sampled Signal VW Index Group VW Data Bit

SMI# 6h Bit 2

IRQ0 to IRQ15 00h Bit 0 - Bit 15

IRQ VW information can be sent to the eSPI host only through GET_VWIRE command
during transition period.

Table 44. VW Information via Transition Period

Interrupt Source Type Interrupt Source Level Agent to Host IRQ Virtual Wire
(Active High)

Active low 0 → 1 De-assertion. IRQ VW (Level=’0’) sent.

Active low 1 → 0 Assertion. IRQ VW (Level=’1’) sent.
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8.5. Interface Signals

Table 45. Interface Signals

Signal Name Width Direction Description

Clock Interface

clk 1 Input Input clock used to clock the
IP core.

clk_33 1 Input 33 MHz clock supply to IP
core.

Reset Interface

reset_n 1 Input Synchronous reset used to
reset the IP core.

LPC Interface to LPC Agent Component

lad[3:0] 4 Input/Output Multiplexed Command,
Address, and Data signal.

lframe_n 1 Output
Indicates start of a new
cycle, or termination of
broken cycle.

lreset_n 1 Output Reset signal to LPC agent.

lclk 1 Output 33Mhz clock that drives the
LPC agent.

serirq 1 Input/Output Serialized IRQ interrupt
signal.

serirq_data_out(12) 1 Input/Output Serialized IRQ data signal.

serirq_data_oe(12) 1 Input/Output Serialized IRQ data output
enable signal.

serirq_data_in(12) 1 Input/Output Serialized IRQ data signal.

lad_out[3:0](12) 4 Output Multiplexed command,
address and data signal

lad_oe(12) 1 Output Data signal output enable

lad_in[3:0](12) 4 Input Multiplexed command,
address and data signal

Avalon Interface

avmm_write 1 Input Avalon write control signal
for register access.

avmm_read 1 Input Avalon read control signal
for register access.

avmm_writedata[31:0] 32 Input Avalon write data bus for
register access.

avmm_address[4:0] 5 Input Avalon address bus for
register access.

continued...   

(12) This signal is only available when you turn on the parameter: Enable tri-state control ports
on LPC data bus and Serial IRQ line.
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Signal Name Width Direction Description

avmm_readdata[31:0] 32 Output Avalon read data bus for
register access.

eSPI Interface

espi_clk 1 Input eSPI serial clock. Frequency
range from 20Mhz to 66Mhz.

espi_reset_n 1 Input
eSPI reset. Assertion of this
reset signal does not reset
the channel’s FIFO.

espi_cs_n 1 Input eSPI chip select.

espi_data[1:0]/[3:0] 2/4 Input/Output
eSPI bidirectional data bus.
Data bus lane depending on
parameter IO_MODE.

espi_alert_n 1 Output eSPI alert.

Conduit Ports

slp_s5_n 1 Output

Server platform related
signal.

slp_s4_n 1 Output

slp_s3_n 1 Output

slp_a_n 1 Output

slp_lan_n 1 Output

slp_wlan_n 1 Output

sus_stat_n 1 Output

sus_pwrdn_ack 1 Output

sus_warn_n 1 Output

pch_to_ec[7:0] 8 Output

oob_rst_warn 1 Output

host_rst_warn 1 Output

smiout_n 1 Output

nmiout_n 1 Output

host_c10 1 Output

pltrst_n 1 Output

ec_to_pch [7:0] 8 Input

sus_ack_n 1 Input

slave_boot_load_done 1 Input

slave_boot_load_status 1 Input

oob_rst_ack 1 Input

wake_n 1 Input

pme_n 1 Input

continued...   
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Signal Name Width Direction Description

sci_n 1 Input

rcin_n 1 Input

host_rst_ack 1 Input

rsmrst_n 1 Input

8.6. Registers

Table 46. Avalon-MM Interface Accessible Register Map

Offset Address Register Name Access Type Width (bits)

0x0h Status Register R 32

0x4h Error Register R/W1C 32

8.6.1. Status Register

Table 47. Status Register Bit Definition

Bit Type Status Field

0 PC_FREE

• 1: Channel 0 Posted FIFO is empty to accept peripheral
posted or completion header and data up to maximum
payload size.

• 0: Channel 0 Posted FIFO has one complete peripheral
posted or completion header & data packet.

1 NP_FREE

• 1: Channel 0 Non-posted FIFO is empty to accept
peripheral non-posted or completion header and data up to
maximum payload size.

• 0: Channel 0 Non-posted FIFO has one complete
peripheral non-posted or completion header & data packet.

2 VWIRE_FREE Always 1

3 OOB_FREE Always 1

4 PC_AVAIL

• 1: Channel 0 Posted FIFO has a peripheral posted or
completion header and data up to maximum payload size
available to send.

• 0: Channel 0 Posted FIFO is empty.

5 NP_AVAIL Always 0

6 VWIRE_AVAIL

• 1: Channel 1 has a tunneled virtual wire available to send
(after the logical state of a virtual wire changes, this VW
index and data is stored in the Channel 1 TX FIFO)

• 0: Channel 1 is empty.

7 OOB_AVAIL Always 0

8 FLASH_C_FREE Always 1

9 FLASH_NP_FREE Always 1

11:10 RESERVED -

12 FLASH_C_AVAIL Always 0

13 FLASH_NP_AVAIL Always 0
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8.6.2. Error Register

Table 48. Error Register Bit Definition
To clear any of the following register bits, write 1 to that respective bit.

Bit Type Error Field

0 R/W1C Invalid Command Opcode

1 R/W1C Invalid Cycle Type

2 R/W1C Command Phase CRC Error

3 R/W1C Unexpected de-assertion of espi_cs_n

4 R/W1C Put without Free

5 R/W1C Get without Available

6 R/W1C Malformed packet in Peripheral Channel

7 R/W1C Malformed packet in Virtual Wire Channel

31:8 - Reserved

8.7. eSPI to LPC Bridge Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2020.09.21 20.2 Clarified the device support for eSPI to LPC Bridge Core.

2020.07.22 20.2 Added a new parameter: Enable tri-state control ports on LPC data
bus and Serial IRQ line and the corresponding interface signal
information.

2018.09.24 18.1 Initial release.
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9. Ethernet MDIO Core

9.1. Core Overview

The Intel Management Data Input/Output (MDIO) IP core is a two-wire standard
management interface that implements a standardized method to access the external
Ethernet PHY device management registers for configuration and management
purposes. The MDIO IP core is IEEE 802.3 standard compliant.

To access each PHY device, the PHY register address must be written to the register
space followed by the transaction data. The PHY register addresses are mapped in the
MDIO core’s register space and can be accessed by the host processor via the Avalon
Memory-Mapped (Avalon-MM) interface. This IP core can also be used with the Intel
FPGA 10-Gbps Ethernet MAC and Intel FPGA Triple Speed Ethernet IP Core to realize a
fully manageable system.

Related Information

• Intel FPGA Low Latency Ethernet 10G MAC User Guide

• Intel FPGA Triple-Speed Ethernet IP Core User Guide

9.2. Functional Description

The core provides an Avalon Memory-Mapped (Avalon-MM) agent interface that allows
Avalon-MM host peripherals (such as a CPU) to communicate with the core and access
the external PHY by reading and writing the control and data registers. The system
interconnect fabric connects the Avalon-MM host and agent interface while a buffer
connects the MDIO interface signals to the external PHY.

For more information about system interconnect fabric for Avalon-MM interfaces, refer
to the System Interconnect Fabric for Memory-Mapped Interfaces.

Figure 29. MDIO Core Block Diagram
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9.2.1. MDIO Frame Format (Clause 45)

The MDIO core communicates with the external PHY device using frames. A complete
frame is 64 bits long and consists of 32-bit preamble, 14-bit command, 2-bit bus
direction change, and 16-bit data. Each bit is transferred on the rising edge of the
management data clock (MDC). The PHY management interface supports the standard
MDIO specification (IEEE802.3 Ethernet Standard Clause 45).

Figure 30. MDIO Frame Format (Clause 45)

Z0      Read
10      Address/Write

PRE ST OP PRTAD DEVAD TA REGAD/Data Idle

00      Address
01      Write
11      Read

32 bits 2 bits 2 bits 5 bits 5 bits 2 bits 16 bits 1 bit

Table 49. MDIO Frame Field Descriptions—Clause 45

Field Name Description

PRE Preamble. 32 bits of logical 1 sent prior to every transaction.

ST The start of frame for indirect access cycles is indicated by the <00> pattern. This pattern assures a
transition from the default one and identifies the frame as an indirect access.

OP The operation code field indicates the following transaction types:
00 indicates that the frame payload contains the address of the register to access.
01 indicates that the frame payload contains data to be written to the register whose address was provided
in the previous address frame.
11 indicates that the frame is a read operation.
The post-read-increment-address operation <10> is not supported in this frame.

PRTAD The port address (PRTAD) is 5 bits, allowing 32 unique port addresses. Transmission is MSB to LSB. A
station management entity (STA)(13) must have a prior knowledge of the appropriate port address for each
port to which it is attached, whether connected to a single port or to multiple ports.

DEVAD The device address (DEVAD) is 5 bits, allowing 32 unique MDIO manageable devices (MMDs)(14) per port.
Transmission is MSB to LSB.

TA The turnaround time is a 2-bit time spacing between the device address field and the data field of a
management frame to avoid contention during a read transaction.
For a read transaction, both the STA and the MMD remain in a high-impedance state (Z) for the first bit
time of the turnaround. The MMD drives a 0 during the second bit time of the turnaround of a read or
postread-increment-address transaction.

continued...   

(13) The device driving the MDIO bus is identified as the Station Management Entity (STA).

(14) The target devices managed by the MDC are referred as MDIO Manageable Devices (MMDs).
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Field Name Description

For a write or address transaction, the STA drives a 1 for the first bit time of the turnaround and a 0 for the
second bit time of the turnaround.

REGAD/

Data

The register address (REGAD) or data field is 16 bits. For an address cycle, it contains the address of the
register to be accessed on the next cycle. For the data cycle of a write frame, the field contains the data to
be written to the register. For a read frame, the field contains the contents of the register. The first bit
transmitted and received is bit 15.

Idle The idle condition on MDIO is a high-impedance state. All tri-state drivers are disabled and the MMDs pullup
resistor pulls the MDIO line to a one.

9.2.2. MDIO Clock Generation

The MDIO core’s MDC is generated from the Avalon-MM interface clock signal, clk.
The MDC_DIVISOR parameter specifies the division parameter. For more information
about the parameter, refer to the Parameter section.

The division factor must be defined such that the MDC frequency does not exceed
2.5 MHz.

9.2.3. Interfaces

The MDIO core consists of a single Avalon-MM agent interface. The agent interface
performs Avalon-MM read and write transfers initiated by an Avalon-MM host in the
client application logic. The Avalon-MM agent uses the waitrequest signal to
implement backpressure on the Avalon-MM host for any read or write operation which
has yet to be completed.

For more information about Avalon-MM interfaces, refer to the Avalon Interface
Specifications.

9.2.4. Operation

The MDIO core has bidirectional external signals to transfer data between the external
PHY and the core.

9.2.4.1. Write Operation

Follow the steps below to perform a write operation.

1. Issue a write to the device register at address offset 0x21 to configure the device,
port, and register addresses of the PHY.

2. Issue a write to the MDIO_ACCESS register at address offset 0x20 to generate an
MDIO frame and write the data to the selected PHY device’s register.

9.2.4.2. Read Operation

Follow the steps below to perform a read operation.

1. Issue a write to the device register at address offset 0x21 to configure the device,
port, and register addresses of the PHY.

2. Issue a read to the MDIO_ACCESS register at address offset 0x20 to read the
selected PHY device’s register.
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9.3. Parameter

Table 50. Configurable Parameter

Parameter Legal Values Default Value Description

MDC_DIVISOR 8-64 32 The host clock divisor provides the division factor for the clock
on the Avalon-MM interface to generate the preferred MDIO
clock (MDC). The division factor must be defined such that the
MDC frequency does not exceed 2.5 MHz.
Formula:

For example, if the Avalon-MM interface clock source is
100 MHz and the desired MDC frequency is 2.5 MHz, specify a
value of 40 for the MDC_DIVISOR.

9.4. Configuration Registers

An Avalon-MM host peripheral, such as a CPU, controls and communicates with the
MDIO core via 32-bit registers, shown in the Register Map table.

Table 51. Register Map

Address
Offset

Bit(s) Name Access
Mode

Description

0x00-0x1F 31:0 Reserved RW Reserved for future use.

0x20 (1) 31:0 MDIO_ACCESS RW Performs a read or write of 32-bit data to the external
PHY device. The addresses of the external PHY device’s
register, device, and port are specified in address offset
0x21.

0x21 (2) 4:0 MDIO_DEVAD RW Contains the device address of the PHY.

7:5 Reserved RW Unused.

12:8 MDIO_PRTAD RW Contains the port address of the PHY.

15:13 Reserved RW Unused.

31:16 MDIO_REGAD RW Contains the register address of the PHY.

Note :
1. The byte address for this register is 0x80.
2. The byte address for this register is 0x84.

9.5. Interface Signals

Table 52. Ethernet MDIO Core Signal Description

Signal Width Direction Description

Clock

clk 1 Input Avalon-MM interface clock signal.

Reset

reset 1 Input Asynchronous reset for Ethernet MDIO core.

Avalon-MM Agent Interface for CSR

csr_write 1 Input Avalon-MM write control signal.
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Signal Width Direction Description

csr_read 1 Input Avalon-MM read control signal.

csr_address 6 Input Avalon-MM address bus.

csr_writedata 32 Input Avalon-MM write data bus.

csr_readdata 32 Output Avalon-MM read data bus.

csr_waitrequest 1 Output Avalon-MM wait-request control signal..

MDIO Interface

mdio_in 1 Input Management data input to FPGA bidirectional I/O
buffer.

mdio_out 1 Output Management data output from FPGA bidirectional
I/O buffer.

mdio_oen 1 Output
An active low management data output enable signal
to FPGA bidirectional I/O buffer. It is used to enable
mdio_in or mdio_out.

mdc 1 Output

Management data clock. This clock is generated from
Avalon-MM interface clock signal, clk. Use the
MDC_DIVISOR parameter to specify the division
factor such that the frequency of this clock does not
exceed 2.5MHz.

9.6. Ethernet MDIO Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Added the section Interface Signals.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Revised the register map address offset.

July 2010 v10.0.0 Initial release.
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10. Intel FPGA 16550 Compatible UART Core

10.1. Core Overview

The Intel FPGA 16550 UART (Universal Asynchronous Receiver/Transmitter) soft IP
core with Avalon interface is designed to be register space compatible with the de-
facto standard 16550 found in the PC industry. The core provides RS-232 Signaling
interface, False start detection, Modem control signal and registers, Receiver error
detection and Break character generation/detection. The core also has an Avalon
Memory-Mapped (Avalon-MM) agent interface that allows Avalon-MM host peripherals
(such as Nios II and Nios V processors) to communicate with the core simply by
reading and writing control and data registers.

The 16550 UART supports all memory types depending on the device family.

Note: You must acquire license to use this core.

Table 53. Product Information

Core Product ID

Intel FPGA 16550 UART (Universal Asynchronous Receiver/
Transmitter) soft IP core

6af7 010c

Note: This IP core supports Intel eASIC N5X devices.

10.2. Feature Description

The 16550 Soft-UART has the following features:

• RS-232 signaling interface

• Avalon-MM agent

• Single clock

• False start detection

• Modem control signal and registers

• Receiver error detection

• Break character generation/detection

• Supports full duplex mode by default

Table 54. UART Features and Configurability

Features Run Time Configurable Generate Time Configurable

FIFO/FIFO-less mode Yes Yes

FIFO Depth - Yes
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Features Run Time Configurable Generate Time Configurable

5-9 bit character length Yes -

1, 1.5, 2 character stop bit Yes -

Parity enable Yes -

Even/Odd parity Yes -

Baud rate selection Yes -

Memory Block Type - Yes

Priority based interrupt with
configurable enable

Yes -

Hardware Auto Flow Control (cts_n/
rts_n signals)

Yes Yes

DMA Extra (configurable support for
extra DMA sideband signal)

Yes Yes

Stick parity/Force parity Yes -

Note: When a feature is both Generate time and Run time configurable, the feature must be
enabled during Generate time before Run time configuration can be used. Therefore,
turning ON a feature during Generate time is a prerequisite to enabling/disabling it
during run time.

10.2.1. Unsupported Features

Unsupported Features vs PC16550D:

• Separate receive clock

• Baud clock reference output

10.2.2. Interface

The Soft UART will have the following signal interface, exposed using _hw.tcl
through Platform Designer software.

Table 55. Clock and Reset Signal Interface

Pin Name Direction Description

clk Input Avalon clock sink

rst_n Input Avalon reset sink
Asynchronous assert, Synchronous
deassert active low reset.
Interconnect fabric expected to
perform synchronization – UART and
interconnect is expected to be placed
in the same reset domain to simplify
system design

Table 56. Avalon-MM Agent

Pin Name Width Direction Description

addr 9 Input Avalon-MM Address bus
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Pin Name Width Direction Description

Highest addressable byte
address is 0x118 so a 9-bit
width is required

read Input Avalon-MM Read indication

readdata 32 Output Avalon-MM Read Data
Response from the agent

write Input Avalon-MM Write indication

writedata 32 Input Avalon-MM Write Data

Table 57. Interrupt Interface

Pin Name Direction Description

intr Output Interrupt signal

Table 58. Flow Control

Pin Name Direction Description

sin Input Serial Input from external link.

sout Output Serial Output to external link.

sout_oe Output Output enable for Serial Output to external link.
sout_oe signal will be high when the UART is transmitting
and low when the UART is IDLE.

Table 59. Modem Control and Status

Pin Name Direction Description

cts_n Input Clear to Send

rts_n Output Request to Send

dsr_n Input Data Set Ready

dcd_n Input Data Carrier Detect

ri_n Input Ring Indicator

dtr_n Output Data Terminal Ready

out1_n Output User Designated Output1

out2_n Output User Designated Output2

Table 60. DMA Sideband Signals

Pin Name Direction Description

dma_tx_ack_n Input TX DMA acknowledge

dma_rx_ack_n Input RX DMA acknowledge

dma_tx_req_n Output TX DMA request

dma_rx_req_n Output RX DMA request

dma_tx_single_n Output TX DMA single request

dma_rx_single_n Output RX DMA single request
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10.2.3. General Architecture

Figure 31. Soft-UART High Level Architecture

TX Fifo TX Shifter

TX Flow Control RX Flow Control

RX ShifterRX Fifo
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Interface

DMA_Handshaking_tx
DMA_Handshaking_rx

IRQ

The figure above shows the high level architecture of the UART IP. Both Transmit and
Receive logic have their own dedicated control & data path. An interrupt block and
clock generator block is also present to service both transmit and receive logic.

10.2.4. 16550 UART General Programming Flow Chart

The 16550 UART general programming flow chart is the recommended flow for setting
up the UART for error free operation.

Note: You are free to change this flow to fit your own usage model but the changes might
cause undefined results.
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Figure 32. 16550 UART Configuration Flow
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For more information on the register descriptions used in the flow chart, refer to the
"Address Map and Register Descriptions" section.

Related Information

Address Map and Register Descriptions on page 117
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10.2.5. Configuration Parameters

The table below shows all the parameters that can be used to configure the UART.
(_hw.tcl) is the mechanism used to enforce and validate correct parameter settings.

Table 61. Configuration Parameters

Parameter Name Description Default

MEM_BLOCK_TYPE Set memory block type of FIFO.
Available memory block depend on
device family used. FIFO_MODE must
be 1

AUTO

FIFO_MODE 1 = FIFO mode enabled
0 = FIFO mode disabled

1

FIFO_DEPTH Set depth of FIFO
Values limited to 32, 64, 128, and 256
FIFO_MODE must be 1

128

FIFO_HWFC 1 = Enabled hardware flow control
0 = Disabled hardware flow control
Mutually exclusive with FIFO_SWFC
FIFO_MODE must be 1

1

DMA_EXTRA 1 = Additional DMA interface enabled
0 = Additional DMA interface disabled

0

10.2.6. DMA Support

The DMA interface (DMA_EXTRA) is disabled by default. It must be enabled in the IP
to have the additional DMA_Handshaking_tx and DMA_Handshaking_rx interfaces.
DMA support is only available when used with the HPS DMA controller. The HPS DMA
controller has the required handshake signals to control DMA data transfers with the
IP through the DMA_Handshaking_tx and DMA_Handshaking_rx interfaces. The
DMA handshaking interfaces are connected to the HPS through the f2h DMA request
lines.

Figure 33. Intel FPGA 16550 UART's DMA Handshaking Interfaces Connection to Arria
V/Cyclone V HPS in Platform Designer

For more information about the HPS DMA Controller handshake signals, refer to the
DMA Controller chapter in the Cyclone V Device Handbook, Volume 3.
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Related Information

DMA Controller Core on page 348

10.2.7. FPGA Resource Usage

In order to optimize resource usage, in terms of register counts, the UART IP design
specifically targets MLABs to be used as FIFO storage element. The following table lists
the FPGA resources required for one UART with 128 Byte Tx and Rx FIFO.

Table 62. UART Resource Usage

Resource Number

ALMS needed 362

Total LABs 54

Combinational ALUT usage for logic 436

Combinational ALUT usage for route-throughs 17

Dedicated logic registers
• Design implementation registers (294)
• Routing optimization registers (17)

311

Global Signals 2

M10k blocks 0

Total MLAB memory bits 2432

10.2.8. Timing and Fmax

Figure 34. Maximum Delays on UART

External PinUART IP Core

D Q

Avalon Host

D Q D Q

4 ns2 ns8 ns7 ns

COMBI COMBI COMBI

The diagram above shows worst case combinatorial delays throughout the UART IP
Core. These estimates are provided by Timing Analyzer under the following condition:

• Device Family: Series V and above

• Avalon Host connected to Avalon Agent port of the UART with outputs from the
Avalon Host registered

• RS-232 Serial Interface is exported to FPGA Pin

• Clocks for entire system set at 125 MHz

Based on the conditions above the UART IP has an Fmax value of 125 MHz, with the
worst delay being internal register-to-register paths.

The UART has combinatorial logic on both the Input and Output side, with system level
implications on the Input side.
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The Input side combinatorial logic (with 7ns delay) goes through the Avalon address
decode logic, to the Read data output registers. It is therefore recommended that
Hosts connected to the UART IP register their output signals.

The Output side combinatorial logic (with 2ns delay) goes through the RS-232 Serial
Output. There should not be any concern on the output side delays though – as it is
not a single cycle path. Using the highest clock divider value of 1, the serial output
only toggles once every 16 clocks. This naturally gives a 16 clock multi-cycle path on
the output side. Furthermore, divider of 1 is an unlikely system, if the UART is clocked
at 125 MHz, the resulting baud rate would be 7.81 Mbps.

10.2.9. Avalon-MM Agent

The Avalon-MM Agent has the following configuration:

Table 63. Avalon-MM Agent Configuration

Feature Configuration

Bus Width 32-bit

Burst Support No burst support. Interconnect is expected to handle burst
conversion

Fixed read and write wait time 0 cycles

Fixed read latency 1 cycle

Fixed write latency 0 cycles

Lock support No

Note: The Avalon-MM interface is intended to be a thin, low latency layer on top of the
registers.

10.2.9.1. Read behavior

Figure 35. Reading UART over Avalon-MM

addr1 addrF addrF addrF

data1 data2 data3 data4

addr

read
readdata

Polling Status Reading from
RX FIFO

0 1 2 3 4 5 6 7 8 9

Reads are expected to have 2 types of behavior:

• When status registers are being polled, Reads are expected to be done in singles

• When data needs to be read out from the Rx FIFO, Reads are expected as back-to-
back cycles to the same address (these back-to-back reads are likely generated as
Fixed Bursts in AXI – but translated into INCR with length of 1 by FPGA
interconnect)
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10.2.9.2. Write behavior

Figure 36. Writing to UART over Avalon-MM

addr1 addrF addrF addrF

data1 data2 data3 data4
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Writes to the UART are expected as singles during setup phase of any transaction and
as back-to-back writes to the same address when the Tx FIFO needs to be filled.

10.2.10. Over-run/Under-run Conditions

Consistent with UART implementation in PC16550D, the soft UART will not implement
over-run or under-run prevention on the Avalon-MM interface.

Preventing over-runs and under-runs on the Avalon-MM interface by back-pressuring a
pending transaction may cause more harm than good as the interconnect can be held
up by the far slower UART.

10.2.10.1. Overrun

On receive path, interrupts can be triggered (when enabled) when overrun occurs. In
FIFO-less mode, overrun happens when an existing character in the receive buffer is
overwritten by a new character before it can be read. In FIFO mode, overrun happens
when the FIFO is full and a complete character arrives at the receive buffer.

On transmit path, software driver is expected to know the Tx FIFO depth and not
overrun the UART.

10.2.10.2. Receive Overrun Behavior

When receive overrun does happen, the Soft-UART handles it differently depending on
FIFO mode. With FIFO enabled, the newly receive data at the shift register is lost.
With FIFO disabled, the newly received data from the shift register is written onto the
Receive Buffer. The existing data in the Receive Buffer is overwritten. This is consistent
with published PC16550D UART behavior.

10.2.10.3. Transmit Overrun Behavior

When the host CPU forcefully triggers a transmit Overrun, the Soft-UART handles it
differently depending on FIFO mode. With FIFO enabled, the newly written data is lost.
With FIFO disabled, the newly written data will overwrite the existing data in the
Transmit Holding Register.

10.2.10.4. Underrun

No mechanisms exist to detect or prevent under-run.
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On transmit path, an interrupts (when enabled) can be generated when the transmit
holding register is empty or when the transmit FIFO is below a programmed level.

On receive path, the software driver is expected to read from the UART receive buffer
(FIFO-less) or the Rx FIFO based on interrupts (when enabled) or status registers
indicating presence of receive data (Data Ready bit, LSR[0]). If reads to Receive
Buffer Register is triggered with data ready register being zero, undefined read data is
returned.

10.2.11. Hardware Auto Flow-Control

Hardware based auto flow-control uses 2 signals (cts_n & rts_n) from the Modem
Control/Status group. With Hardware auto flow-control disabled, these signals will
directly drive the Modem Status register (cts_n) or be driven by the Modem Control
register (rts_n).

With auto flow-control enabled, these signals perform flow-control duty with another
UART at the other end.

The cts_n input is, when active (low state), will allow the Tx FIFO to send data to
the transmit buffer. When cts_n is inactive (high state), the Tx FIFO stops sending
data to the transmit buffer. cts_n is expected to be connected to the rts_n output
of the other UART.

The rts_n output will go active (low state), when the Rx FIFO is empty, signaling to
the opposite UART that it is ready for data. The rts_n output goes inactive (high
state) when the Rx FIFO level is reached, signaling to the opposite UART that the FIFO
is about to go full and it should stop transmitting.

Due to the delays within the UART logic, one additional character may be transmitted
after cts_n is sampled active low. For the same reason, the Rx FIFO will
accommodate up to 1 additional character after asserting rts_n (this is allowed
because Rx FIFO trigger level is at worst, two entries from being truly full). Both are
observed to prevent overflow/underflow between UARTs.

Figure 37. Hardware Auto Flow-Control Between two UARTs

TX
FIFO

Transmit Buffer

Flow Control

RX
FIFO

Receive Buffer

Flow Control

RX
FIFO

Receive Buffer

Flow Control

TX
FIFO

Transmit Buffer

Flow Control

sout

cts_n

sin

rts_n

sin

rts_n

sout

cts_n

UART 1 UART 2

10. Intel FPGA 16550 Compatible UART Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

107

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 108 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



10.2.12. Clock and Baud Rate Selection

The Soft-UART supports only one clock. The same clock is used on the Avalon-MM
interface and will be used to generate the baud clock that drives the serial UART
interface.

The baud rate on the serial UART interface is set using the following equation:

Baud Rate = Clock/(16 x Divisor)

The table below shows how several typical baud rates can be achieved by
programming the divisor values in Divisor Latch High and Divisor Latch Low register.

Table 64. UART Clock Frequency, Divider value and Baud Rate Relationship

18.432 MHz 24 MHz 50 MHz

Baud Rate Divisor for 16x
clock

% Error (baud) Divisor for 16x
clock

% Error (baud) Divisor for 16x
clock

% Error (baud)

9,600 120 0.00% 156 0.16% 326 -0.15%

38,400 30 0.00% 39 0.16% 81 0.47%

115,200 10 0.00% 13 0.16% 27 0.47%

10.3. Software Programming Model

10.3.1. Overview

The following describes the programming model for the Intel FPGA compatible 16550
Soft-UART.

10.3.2. Supported Features

For the following features, the 16550 Soft-UART HAL driver can be configurable in run
time or generate time. For run-time configuration, users can use
“altera_16550_uart_config” API . Generate time is during Platform Designer
generation, that is to say once FIFO Depth is selected the depth for the FIFO can’t be
change anymore.

Table 65. Supported Features

Features Run Time Generate Time

FIFO/ FIFO-less mode Yes Yes

FIFO Depth - Yes

Programmable Tx/Rx FIFO Threshold Yes -

5-9 bit character length Yes -

1, 1.5, 2 character stop bit Yes -

Parity enable Yes -

Even/Odd parity Yes -
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Features Run Time Generate Time

Stick parity Yes -

Baud rate selection Yes -

Priority based interrupt with
configurable enable

Yes -

Hardware Auto Flow Control Yes Yes

10.3.3. Unsupported Features

The 16550 UART driver does not support Software flow control.

10.3.4. Configuration

The figure below shows the Platform Designer setup on the 16550 Soft-UART's FIFO
Depth

Figure 38. Platform Designer Setting to Configure FIFO Depth

10.3.5. 16550 UART API

10.3.5.1. Public APIs

Table 66. altera_16550_uart_open

Prototype: altera_16550_uart_state* altera_16550_uart_open (const
char *name);

Include: <altera_16550_uart.h>

Parameters: name—the 16550 UART device name to open.

Returns: Pointer to 16550 UART or NULL if fail to open

Description Open 16550 UART device.
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Table 67. altera_16550_uart_close

Prototype: int altera_16550_uart_close(altera_16550_uart_state* sp, int
flags);

Include: <altera_16550_uart.h>

Parameters: sp—the 16550 UART device name to close.
flags—for indicating blocking/non-blocking access for single/
multi threaded.

Returns: None

Description: Closes 16550 UART device.

Table 68. altera_16550_uart_read

Prototype: int altera_16550_uart_read(altera_16550_uart_state* sp,
wchar_t* ptr, int len, int flags);

Include: <altera_16550_uart.h>

Parameters: sp - The UART device
ptr – destination address
len – maximum length of the data
flags – for indicating blocking/non-blocking access for single/
multi threaded

Returns: Number of bytes read

Description: Read data to the UART receiver buffer. UART required to be in
a known settings prior executing this function

Table 69. altera_16550_uart_write

Prototype: int altera_16550_uart_write(altera_16550_uart_state* sp,
const wchar_t* ptr, int len, int flags);

Include: <altera_16550_uart.h>

Parameters: sp - The UART device
ptr – source address
len – maximum length of the data
flags – for indicating blocking/non-blocking access for single/
multi threaded

Returns: Number of bytes written

Description: Writes data to the UART transmitter buffer. UART required to
be in a known settings prior executing this function

Table 70. alt_16550_uart_config

Prototype: alt_u32 alt_16550_uart_config(altera_16550_uart_state* sp,
UartConfig *setting);

Include: <altera_16550_uart.h>

Parameters: sp - The UART device
setting – UART configuration structure to configure UART
(refer to UART device structure)

Returns: Return 0 for success otherwise fail

Description: Configure UART per user input before initiating read or write
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10.3.5.2. Private APIs

Table 71. altera_16550_uart_irq

Prototype: static void altera_16550_uart_irq (void* context)

Include: <altera_16550_uart.h>

Parameters: context – device of the UART

Returns: none

Description: Interrupt handler to process UART interrupts to process
receiver/transmit interrupts.

Table 72. altera_16550_uart_rxirq

Prototype: void altera_16550_uart_rxirq(altera_16550_uart_state* sp)

Include: <altera_16550_uart.h>

Parameters: sp – UART device

Returns: none

Description: Process a receive interrupt. It transfers the incoming
character into the receiver circular buffer, and sets the
appropriate flags to indicate that there is data ready to be
processed.

Table 73. altera_16550_uart_txirq

Prototype: void altera_16550_uart_txirq(altera_16550_uart_state* sp)

Include: <altera_16550_uart.h>

Parameters: sp – UART device

Returns: none

Description: Process a transmit interrupt. It transfers data from the
transmit buffer to the device, and sets the appropriate flags
to indicate that there is data ready to be processed.

10.3.5.3. UART Device Structure

Example 1. UART Device Structure 1

typedef enum stopbit { STOPB_1 = 0,STOPB_2 } StopBit;
typedef enum paritybit { ODD_PARITY = 0, EVEN_PARITY, MARK_PARITY, 
SPACE_PARITY, NO_PARITY } ParityBit;
typedef enum databit { CS_5 = 0, CS_6, CS_7, CS_8, CS_9 = 256} DataBit;
typedef enum baud
{
BR9600 = B9600,
BR19200 = B19200,
BR38400 = B38400,
BR57600 = B57600,
BR115200 = B115200
} Baud;
typedef enum rx_fifo_level_e { RXONECHAR = 0, RXQUARTER, RXHALF, RXFULL } 
Rx_FifoLvl;
typedef enum tx_fifo_level_e { TXEMPTY = 0, TXTWOCHAR, TXQUARTER, TXHALF } 
Tx_FifoLvl;
typedef struct uart_config_s
{
StopBit stop_bit;
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ParityBit parity_bit;
DataBit data_bit;
Baud baudrate;
alt_u32 fifo_mode;
Rx_FifoLvl rx_fifo_level;
Tx_FifoLvl tx_fifo_level;
alt_u32 hwfc;
} UartConfig;

Example 2. UART Device Structure 2

typedef struct altera_16550_uart_state_s
{ 
alt_dev dev; 
void* base; /* The base address of the device */ 
alt_u32 clock; 
alt_u32 hwfifomode; 
alt_u32 ctrl; /* Shadow value of the LSR register */ 
volatile alt_u32 rx_start; /* Start of the pending receive data */ 
volatile alt_u32 rx_end; /* End of the pending receive data */ 
volatile alt_u32 tx_start; /* Start of the pending transmit data */ 
volatile alt_u32 tx_end; /* End of the pending transmit data */ 
alt_u32 freq; /* Current clock freq rate */ 
UartConfig config; /* Uart setting */ 
#ifdef ALTERA_16550_UART_USE_IOCTL 
struct termios termios; 
#endif 
alt_u32 flags; /* Configuration flags */ 
ALT_FLAG_GRP (events) /* Event flags used for 
* foreground/background in mult-threaded 
* mode */ 
ALT_SEM (read_lock) /* Semaphore used to control access to the 
* read buffer in multi-threaded mode */ 
ALT_SEM (write_lock) /* Semaphore used to control access to the 
* write buffer in multi-threaded mode */ 
volatile wchar_t rx_buf[ALT_16550_UART_BUF_LEN]; /* The receive buffer */ 
volatile wchar_t tx_buf[ALT_16550_UART_BUF_LEN]; /* The transmit buffer */ 
line_status_reg line_status; /* line register status for the current read byte 
data of RBR or data at the top of FIFO*/ 
alt_u8 error_ignore; /* received data will be discarded 
for the current read byte data of RBR or data at the top of FIFO if pe, fe and 
bi errors detected after error_ignore is set to '0' */ 
} altera_16550_uart_state;
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10.3.6. Driver Examples

Below is a simple test program to verify that the Intel FPGA 16550 UART driver
support is functional.

The test reads, validates, and writes a modified baud rate, data bits, stop bits, parity
bits to the UART before attempting to write a character stream to it from UART0 to
UART1 and vice verse (ping pong test). This also tests the FIFO and FIFO-less mode to
ensure the IP is functioning for FIFO.

Prerequisites needed before running test:

• An instance of UART named "a_16550_uart_0" and another instance UART named
"a_16550_uart_1".

• Both UARTs need to be connected in loopback in Intel Quartus Prime software.

Additional coverage:

• Non-blocking UART support

• UART HAL driver

• HAL open/write support

The test will print "ALL TESTS PASS" from the UART to indicate success.

Example 3. Verifying Intel FPGA 16550 UART Driver Support functionality

#include <stdio.h>
#include <stdlib.h>
#include <sys/ioctl.h>
#include <sys/termios.h>
#include <fcntl.h>
#include <string.h>
#include <unistd.h>
#include <sys/time.h>
#include <time.h>
#include "system.h"
#include "altera_16550_uart.h"
#include "altera_16550_uart_regs.h"
#include <wchar.h>

#define ERROR -1
#define SUCCESS 0
#define MOCK_UART
#define BUFSIZE 512
wchar_t TXMessage[BUFSIZE] = L"Hello World";
wchar_t RXMessage[BUFSIZE] = L"";

int UARTDefaultConfig(UartConfig *Config)
{
  Config->stop_bit     = STOPB_1;
  Config->parity_bit   = NO_PARITY;
  Config->data_bit     = CS_8;
  Config->baudrate     = BR115200;
  Config->fifo_mode    = 0;
  Config->hwfc         = 0;
  Config->rx_fifo_level= RXFULL;
  Config->tx_fifo_level= TXEMPTY;
  return 0;
}

int UARTBaudRateTest()
{
  UartConfig *UART0_Config = malloc(1*sizeof(UartConfig));
  UartConfig *UART1_Config = malloc(1*sizeof(UartConfig));
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  int i=0, j=0, direction=0, Match=0;
  const int nBaud = 5;
  int BaudRateCoverage[]= {BR9600, BR19200, BR38400, BR57600, BR115200};
  altera_16550_uart_state* uart_0;
  altera_16550_uart_state* uart_1;

  printf("============ UART Baud Rate Test Starts Here ===============\n");
  uart_0 = altera_16550_uart_open ("/dev/a_16550_uart_0");
  uart_1 = altera_16550_uart_open ("/dev/a_16550_uart_1");

  for (direction=0; direction<2; direction++)
  {
      for (i=0; i<nBaud; i++)
          {
              UARTDefaultConfig(UART0_Config);
            UARTDefaultConfig(UART1_Config);
            UART0_Config->baudrate=BaudRateCoverage[i];
            UART1_Config->baudrate=BaudRateCoverage[i];
            printf("Testing Baud Rate: %d\n", UART0_Config->baudrate);
            if(ERROR == alt_16550_uart_config (uart_0, UART0_Config)) return 
ERROR;
            if(ERROR == alt_16550_uart_config (uart_1, UART1_Config)) return 
ERROR;

            switch(direction)
            {
             case 0:
                printf("Ping Pong Baud Rate Test: UART#0 to UART#1\n");
                for(j=0; j<wcslen(TXMessage); j++)
                {
                    altera_16550_uart_write(uart_0, &TXMessage[j], 1, 0);
                    usleep(1000);
                    if(ERROR== altera_16550_uart_read(uart_1,  RXMessage, 1, 
0)) return ERROR;
                    if(TXMessage[j]==RXMessage[0]) Match=1; else return ERROR;
                    printf("Sent:'%c', Received:'%c', Match:%d\n", 
TXMessage[j], RXMessage[0], Match);
                }
                break;
             case 1:
                printf("Ping Pong Baud Rate Test: UART#1 to UART#0\n");
                for(j=0; j<wcslen(TXMessage); j++)
                {
                    altera_16550_uart_write(uart_1, &TXMessage[j], 1, 0);
                    usleep(1000);
                    if(ERROR== altera_16550_uart_read(uart_0,  RXMessage, 1, 
0)) return ERROR;
                    if(TXMessage[j]==RXMessage[0]) Match=1; else return ERROR;
                    printf("Sent:'%c', Received:'%c', Match:%d\n", 
TXMessage[j], RXMessage[0], Match);
                }
                break;
             default:
                 break;
            }
            usleep(1000);
          }
  }
  free(UART0_Config);
  free(UART1_Config);
  return SUCCESS;
}

int UARTLineControlTest()
{
  UartConfig *UART0_Config = malloc(1*sizeof(UartConfig));
  UartConfig *UART1_Config = malloc(1*sizeof(UartConfig));

  int x=0, y=0, z=0, Match=0;
  const int nDataBit = 2, nParityBit=3, nStopBit=2;
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  int DataBitCoverage[]= { /*CS_5, CS_6,*/ CS_7, CS_8};
  int ParityBitCoverage[]= {ODD_PARITY, EVEN_PARITY, NO_PARITY};
  int StopBitCoverage[]= {STOPB_1, STOPB_2};
  altera_16550_uart_state* uart_0;
  altera_16550_uart_state* uart_1;

  printf("================================ UART Line Control Test Starts Here 
=======================================\n");
  uart_0 = altera_16550_uart_open ("/dev/a_16550_uart_0");
  uart_1 = altera_16550_uart_open ("/dev/a_16550_uart_1");

  for(x=0; x<nStopBit; x++)
  {
      for (y=0; y<nParityBit; y++)
      {
          for (z=0; z<nDataBit; z++)
              {
                  UARTDefaultConfig(UART0_Config);
                UARTDefaultConfig(UART1_Config);
                UART0_Config->stop_bit=StopBitCoverage[x];
                UART1_Config->stop_bit=StopBitCoverage[x];
                UART0_Config->parity_bit=ParityBitCoverage[y];
                UART1_Config->parity_bit=ParityBitCoverage[y];
                UART0_Config->data_bit=DataBitCoverage[z];
                UART1_Config->data_bit=DataBitCoverage[z];

                printf("Testing : Stop Bit=%d, Data Bit=%d, Parity Bit=%d\n", 
UART0_Config->stop_bit, UART0_Config->data_bit, UART0_Config->parity_bit);
                if(ERROR == alt_16550_uart_config (uart_0, UART0_Config)) 
return ERROR;
                if(ERROR == alt_16550_uart_config (uart_1, UART1_Config)) 
return ERROR;
                altera_16550_uart_write(uart_0, &TXMessage[0], 1, 0);
                usleep(1000);
                if(ERROR== altera_16550_uart_read(uart_1,  RXMessage, 1, 0)) 
return ERROR;
                if(TXMessage[0]==RXMessage[0]) Match=1; else
                    {
                    printf("Sent:'%c', Received:'%c', Match:%d\n", 
TXMessage[0], RXMessage[0], Match);
                    return ERROR;
                    }
                printf("Sent:'%c', Received:'%c', Match:%d\n", TXMessage[0], 
RXMessage[0], Match);
              }
      }
  }
  free(UART0_Config);
  free(UART1_Config);
  return SUCCESS;
}

int UARTFIFOModeTest()
{

  UartConfig *UART0_Config = malloc(1*sizeof(UartConfig));
  UartConfig *UART1_Config = malloc(1*sizeof(UartConfig));

  int i=0, direction=0, CharCounter=0, Match=0;
  const int nBaud = 2;
  int BaudRateCoverage[]= {BR115200, /*BR19200, BR38400, BR57600,*/ BR9600};
  altera_16550_uart_state* uart_0;
  altera_16550_uart_state* uart_1;

  printf("================================ UART FIFO Mode Test Starts Here 
=======================================\n");
  uart_0 = altera_16550_uart_open ("/dev/a_16550_uart_0");
  uart_1 = altera_16550_uart_open ("/dev/a_16550_uart_1");

  for (direction=0; direction<2; direction++)
  {
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      for (i=0; i<nBaud; i++)
          {
              UARTDefaultConfig(UART0_Config);
            UARTDefaultConfig(UART1_Config);
            UART0_Config->baudrate=BaudRateCoverage[i];
            UART1_Config->baudrate=BaudRateCoverage[i];
            UART0_Config->fifo_mode = 1;
            UART1_Config->fifo_mode = 1;
              UART0_Config->hwfc = 0;
              UART1_Config->hwfc = 0;
            if(ERROR == alt_16550_uart_config (uart_0, UART0_Config)) return 
ERROR;
            if(ERROR == alt_16550_uart_config (uart_1, UART1_Config)) return 
ERROR;
            printf("Testing Baud Rate: %d\n", UART0_Config->baudrate);

            switch(direction)
            {
             case 0:
                printf("Ping Pong FIFO Test: UART#0 to UART#1\n");
                CharCounter=altera_16550_uart_write(uart_0, &TXMessage, 
wcslen(TXMessage), 0);
                //usleep(50000);
                if(ERROR== altera_16550_uart_read(uart_1,  RXMessage, 
wcslen(TXMessage), 0)) return ERROR;
                if(strcmp(TXMessage, RXMessage)==0) Match=1; else Match=0;
                printf("Sent:'%s' CharCount:%d, Received:'%s' CharCount:%d, 
Match:%d\n", TXMessage, CharCounter, RXMessage, wcslen(RXMessage), Match);
                if(Match==0) return ERROR;
                break;
             case 1:
                printf("Ping Pong FIFO Test: UART#1 to UART#0\n");
                CharCounter=altera_16550_uart_write(uart_1, &TXMessage, 
wcslen(TXMessage), 0);
                //usleep(50000);
                if(ERROR== altera_16550_uart_read(uart_0,  RXMessage, 
wcslen(TXMessage), 0)) return ERROR;
                if(strcmp(TXMessage, RXMessage)==0) Match=1; else Match=0;
                printf("Sent:'%s' CharCount:%d, Received:'%s' CharCount:%d, 
Match:%d\n", TXMessage, CharCounter, RXMessage, wcslen(RXMessage), Match);
                if(Match==0) return ERROR;
                break;
             default:
                 break;
            }
            //usleep(100000);
          }
  }
  free(UART0_Config);
  free(UART1_Config);
  return SUCCESS;
}

int main()
{
  int result=0;

  result = UARTBaudRateTest();
  if(result==ERROR)
  {
   printf("UARTBaudRateTest FAILED\n");
   return ERROR;
  }

  result = UARTLineControlTest();
  if(result==ERROR)
  {
   printf("UARTLineControlTest FAILED\n");
   return ERROR;
  }
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  result = UARTFIFOModeTest();
  if(result==ERROR)
  {
    printf("UARTFIFOModeTest FAILED\n");
    return ERROR;
  }
  printf("\n\nALL TESTS PASS\n\n");
  return 0;
}

10.4. Address Map and Register Descriptions

Table 74. altr_uart_csr Address Map

Register Offset Width Access Reset Value Description

rbr_thr_dll 0x0 32 RW 0x00000000 Rx Buffer, Tx Holding, and Divisor
Latch Low

ier_dlh 0x4 32 RW 0x00000000 Interrupt Enable and Divisor Latch
High

iir 0x8 32 R 0x00000001 Interrupt Identity Register (when
read)

fcr 0x8 32 W 0x00000000 FIFO Control (when written)

lcr 0xC 32 RW 0x00000000 Line Control Register

mcr 0x10 32 RW 0x00000000 Modem Control Register

lsr 0x14 32 R 0x00000060 Line Status Register

msr 0x18 32 R 0x00000000 Modem Status Register

scr 0x1C 32 RW 0x00000000 Scratchpad Register

afr 0x100 32 RW 0x00000000 Additional Features Register

tx_low 0x104 32 RW 0x00000000 Transmit FIFO Low Watermark
Register

Note: RC-Read to Clear
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10.4.1. rbr_thr_dll

Identifier Title Offset Access Reset
Value

Description

rbr_thr_dll Rx Buffer, Tx
Holding, and
Divisor Latch
Low

0x0 RW 0x00000
00

This is a multi-function register. This register
holds receives and transmit data and controls
the least-signficant 8 bits of the baud rate
divisor.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- rbr_thr_dll

Table 75. rbr_thr_dll Fields

Bit Name/Identifier Description Access Reset

[31:8] - Reserved R 0x0

[7:0] rbr_thr_dll • Receive Buffer Register:
This register contains the data byte received on the
serial input port (sin). The data in this register is valid
only if the Data Ready (LSR[0] is set to 1). If FIFOs
are disabled (FCR[0] is cleared to 0) the data in the
RBR must be read before the next data arrives,
otherwise it will be overwritten, resulting in an overrun
error. If FIFOs are enabled (FCR[0] set to 1) this
register accesses the head of the receive FIFO. If the
receive FIFO is full, and this register is not read before
the next data character arrives, then the data already
in the FIFO will be preserved but any incoming data
will be lost. An overrun error will also occur.

• Transmit Holding Register:
This register contains data to be transmitted on the
serial output port (sout). Data should only be written
to the THR when the THR Empty bit (LSR[5] is set to
1). If FIFOs are disabled (FCR[0] is set to 0) and THRE
is set to 1, writing a single character to the THR clears
the THRE. Any additional writes to the THR before the
THRE is set again causes the THR data to be
overwritten. If FIFO's are enabled (FCR[0] is set to 1)
and THRE is set, the FIFO can be filled up to a pre-
configured depth (FIFO_DEPTH). Any attempt to write
data when the FIFO is full results in the write data
being lost.

• Divisor Latch Low:
This register makes up the lower 8-bits of a 16-bit,
Read/write, Divisor Latch register that contains the
baud rate divisor for the UART. This register may only
be accessed when the DLAB bit (LCR[7] is set to 1).
The output baud rate is equal to the system clock (clk)
frequency divided by sixteen times the value of the
baud rate divisor, as follows:
baud rate = (system clock freq) / (16 * divisor)
Note: With the Divisor Latch Registers (DLL and DLH)

set to zero, the baud clock is disabled and no
serial communications will occur. Also, once the
DLL is set, at least 8 system clock cycles should
be allowed to pass before transmitting or
receiving data.

RW 0x00
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10.4.2. ier_dlh

Identifier Title Offset Access Reset
Value

Description

ier_dlh Interrupt
Enable and
Divisor Latch
High

0x4 RW 0x00000
000

The ier_dlh (Interrupt Enable Register) may
only be accessed when the DLAB bit [7] of
the LCR Register is set to 0. Allows control of
the Interrupt Enables for transmit and receive
functions.This is a multi-function register. This
register enables/disables receive and transmit
interrupts and also controls the most-
significant 8-bits of the baud rate divisor.
The Divisor Latch High Register is accessed
when the DLAB bit (LCR[7] is set to 1).
Bits[7:0] contain the high order 8-bits of the
baud rate divisor. The output baud rate is
equal to the system clock (clk) frequency
divided by sixteen times the value of the baud
rate divisor, as follows:
baud rate = (system clock freq) / (16 *
divisor)
Note: With the Divisor Latch Registers (DLL

and DLH) set to zero, the baud clock is
disabled and no serial communications
will occur. Also, once the DLL is set, at
least 8 system clock cycles should be
allowed to pass before transmitting or
receiving data.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- dlh7_4 edssi
_dhl3

elsi_d
hl2

etbei
_dlh1

erbfi_
dlh0

Table 76. ier_dlh Fields

Bit Name/Identifier Description Access Reset

[31:8] - Reserved R 0x0

[7:4] DLH[7:4] (dlh7_4) • Divisor Latch High Register:
Bit 4, 5, 6 and 7 of DLH value.

RW 0x0

[3] DLH[3] and Enable Modem
Status Interrupt
(edssi_dhl3)

• Divisor Latch High Register:
Bit 3 of DLH value.

• Interrupt Enable Register:
This is used to enable/disable the generation of
Modem Status Interrupts. This is the fourth highest
priority interrupt.

RW 0x0

continued...   
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Bit Name/Identifier Description Access Reset

[2] DLH[2] and Enable Receiver
Line Status (elsi_dhl2)

• Divisor Latch High Register:
Bit 2 of DLH value.

• Interrupt Enable Register:
This is used to enable/disable the generation of
Receiver Line Status Interrupt. This is the highest
priority interrupt

RW 0x0

[1] DLH[1] and Transmit Data
Interrupt Control
(etbei_dlh1)

• Divisor Latch High Register:
Bit 1 of DLH value.

• Interrupt Enable Register:
Enable Transmit Holding Register Empty Interrupt. This
is used to enable/disable the generation of Transmitter
Holding Register Empty Interrupt. This is the third
highest priority interrupt.

RW 0x0

[0] DLH[0] and Receive Data
Interrupt Enable
(erbfi_dlh0)

• Divisor Latch High Register:
Bit 0 of DLH value.

• Interrupt Enable Register:
This is used to enable/disable the generation of the
Receive Data Available Interrupt and the Character
Timeout Interrupt (if FIFO's enabled). These are the
second highest priority interrupts.

RW 0x0
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10.4.3. iir

Identifier Title Offset Access Reset
Value

Description

iir Interrupt
Identity
Register

0x8 R 0x00000
001

Returns interrupt identification and FIFO
enable/disable when read.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- fifose - id

Table 77. iir Fields

Bit Name/Identifier Description Access Reset

[31:8] - Reserved R 0x0

[7:6] FIFOs Enabled (fifose) The FIFOs Enabled is used to indicate whether the FIFO's
are enabled or disabled.

R 0x0

[5:4] - Reserved R 0x0

[3:0] Interrupt ID (id) The Interrupt ID indicates the highest priority pending
interrupt. Refer to the Table 78 on page 121 table below
for more details.

R 0x1

Table 78. Interrupt Priority

IIR ID Interrupt Priority

4'b0000 Modem status 5th

4'b0001 No interrupt pending 6th

4'b0010 THR empty (reflect TX_Low empty
threshold if ARF[0] is '1)

4th

4'b0100 Received data available 2nd

4'b0110 Receiver line status 1st

4'b1100 Character timeout 3rd
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10.4.4. fcr

Identifier Title Offset Access Reset
Value

Description

fcr FIFO Control 0x8 W 0x00000
000

Controls FIFO operation when written.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- rt - dma
m

xfifor rfifor fifoe

Table 79. fcr Fields

Bit Name/Identifier Description Access Reset

[31:8] - Reserved R 0x0

[7:6] Rx Trigger Level (rt) This register is configured to implement FIFOs RxTrigger
(or RT). This is used to select the trigger level in the
receiver FIFO at which the Received Data Available
Interrupt will be generated. In auto flow control mode it is
used to determine when the rts_n signal will be de-
asserted
The following trigger levels are supported:
• 00 - One character in FIFO
• 01 - FIFO 1/4 full
• 10 - FIFO 1/2 ful
• 11 - FIFO two less than full

W 0x0

[5:4] - Reserved R 0x0

[3] DMA Mode (dmam) This determines the DMA signaling mode used for the
uart_dma_tx_req_n and uart_dma_rx_req_n output
signals when additional DMA handshaking signals are not
selected. DMA mode 0 supports single DMA data transfers
at a time. In mode 0, the uart_dma_tx_req_n signal
goes active low under the following conditions:
• When the Transmitter Holding Register is empty in

non-FIFO mode.
• When the transmitter FIFO is empty in FIFO mode.
It goes inactive under the following conditions:
• When a single character has been written into the

Transmitter Holding Register or transmitter FIFO.
• When the transmitter FIFO is above the threshold.
DMA mode 1 supports multi-DMA data transfers, where
multiple transfers are made continuously until the receiver
FIFO has been emptied or the transmit FIFO has been
filled. In mode 1 the uart_dma_tx_req_n signal is
asserted under the following condition:
• When the transmitter FIFO is empty.

W 0x0
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Bit Name/Identifier Description Access Reset

[2] Tx FIFO Reset (xfifor) This bit resets the control portion of the transmit FIFO and
treats the FIFO as empty. Note that this bit is 'self-
clearing' and it is not necessary to clear this bit. Please
allow for 8 clock cycles to pass after changing this register
bit before reading from RBR or writing to THR.

W 0x0

[1] Rx FIFO Reset (rfifor) Resets the control portion of the receive FIFO and treats
the FIFO as empty. Note that this bit is self-clearing' and it
is not necessary to clear this bit. Allow for 8 clock cycles
to pass after changing this register bit before reading
from RBR or writing to THR.

W 0x0

[0] FIFO Enable (fifoe) This bit enables/disables the transmit (Tx) and receive
(Rx ) FIFO's. Whenever the value of this bit is changed
both the Tx and Rx controller portion of FIFO's will be
reset.
Any existing data in both Tx and Rx FIFO will be lost when
this bit is changed. Please allow for 8 clock cycles to pass
after changing this register bit before reading from RBR or
writing to THR.

W 0x0

10. Intel FPGA 16550 Compatible UART Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

123

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 124 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



10.4.5. lcr

Identifier Title Offset Access Reset
Value

Description

lcr Line Control
Register

0xC RW 0x00000
000

Formats serial data.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- dls9 dlab break sp eps pen stop dls

Table 80. lcr Fields Description

Bit Name/Identifier Description Access Reset

[31:9] - Reserved R 0x0

[8] Data Length Select (dls9) Issue 1'b1 to LCR[8] and 2'b00 to LCR[1:0] to turn on 9
data bits per character that the peripheral will transmit
and receive.

RW 0x0

[7] Divisor Latch Access Bit
(dlab)

This is used to enable reading and writing of the Divisor
Latch register (DLL and DLH) to set the baud rate of the
UART. This bit must be cleared after initial baud rate setup
in order to access other registers.

RW 0x0

[6] Break Control Bit (break) This is used to cause a break condition to be transmitted
to the receiving device. If set to one the serial output is
forced to the spacing (logic 0) state until the Break bit is
cleared.

RW 0x0

[5] Stick Parity (sp) The SP bit works in conjunction with the EPS and PEN
bits. When odd parity is selected (EPS = 0), the PARITY
bit is transmitted and checked as set. When even parity is
selected (EPS = 1), the PARITY bit is transmitted and
checked as cleared.

RW 0x0

[4] Even Parity Select (eps) This is used to select between even and odd parity, when
parity is enabled (PEN set to one). If set to one, an even
number of logic '1's is transmitted or checked. If set to
zero, an odd number of logic '1's is transmitted or
checked.

RW 0x0

[3] Parity Enable (pen) This bit is used to enable and disable parity generation
and detection in a transmitted and received data
character.

RW 0x0

[2] Stop Bits (stop) Number of stop bits. This is used to select the number of
stop bits per character that the peripheral will transmit
and receive. Note that regardless of the number of stop
bits selected the receiver will only check the first stop bit.

Data Bits LCR[2] = 0 LCR[2] = 1

5 1 1.5

6 1 2

7 1 2

8 1 2

RW 0x0
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Bit Name/Identifier Description Access Reset

• If bit 2 is a logic 0, one stop bit is generated in the
transmitted data.

• If bit 2 is a logic 1 when a 5-bit word length is selected
through bits 0 and 1, one and a half stop bits are
generated.

• If bit 2 is a logic 1 when either a 6-, 7-, or 8-bit word
length is selected, two stop bits are generated.

The Receiver checks the first stop-bit only, regardless of
the number of stop bits selected.

[1:0] Data Length Select (dls) Selects the number of data bits per character that the
peripheral will transmit and receive.
• 0 - 5 data bits per character
• 1 - 6 data bits per character
• 2 - 7 data bits per character
• 3 - 8 data bits per character

RW 0x0
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10.4.6. mcr

Identifier Title Offset Access Reset
Value

Description

mcr Modem
Control
Register

0x10 RW 0x00000
000

Reports various operations of the modem
signals.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- afce loopb
ack

out2 out1 rts dtr

Table 81. mcr Fields Descriptions

Bit Name/Identifier Description Access Reset

[31:6] - Reserved R 0x0

[5] Hardware Auto Flow Control
Enable ( afce)

When FIFOs are enabled (FCR[0]), the Auto Flow Control
enable bits are active. This enabled UART to dynamically
assert and deassert rts_n based on Receive FIFO trigger
level

RW 0x0

[4] LoopBack Bit (loopback) This is used to put the UART into a diagnostic mode for
test purposes. If UART mode is NOT active, bit [6] of the
modem control register MCR is set to zero, data on the
sout line is held high, while serial data output is looped
back to the sin line, internally. In this mode all the
interrupts are fully functional. Also, in loopback mode, the
modem control inputs (dsr_n, cts_n, ri_n, dcd_n) are
disconnected and the modem control outputs (dtr_n,
rts_n, out1_n, out2_n) are looped-back to the inputs,
internally.

RW 0x0

[3] Out2 (out2) This is used to directly control the user-designated
out2_n output. The value written to this location is
inverted and driven out on out2_n

RW 0x0

[2] Out1 (out1) This is used to directly control the user-designated
out1_n output. The value written to this location is
inverted and driven out on out1_n pin.

RW 0x0

[1] Request to Send (rts) This is used to directly control the Request to Send
(rts_n) output. The Request to Send (rts_n) output is
used to inform the modem or data set that the UART is
ready to exchange data. When Auto RTS Flow Control is
not enabled (MCR[5] set to zero), the rts_n signal is set
low by programming this register to a high. If Auto Flow
Control is active (MCR[5] set to 1) and FIFO's enable
(FCR[0] set to 1), the rts_n output is controlled in the
same way, but is also gated with the receiver FIFO
threshold trigger (rts_n is inactive high when above the
threshold). The rts_n signal will be de-asserted when
this register is set low.

RW 0x0

[0] Data Terminal Ready (dtr) This is used to directly control the Data Terminal Ready
output. The value written to this location is inverted and
driven out on uart_dtr_n. The Data Terminal Ready
output is used to inform the modem or data set that the
UART is ready to establish communications.

RW 0x0
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10.4.7. lsr

Identifier Title Offset Access Reset
Value

Description

lsr Line Status
Register

0x14 R 0x00000
060

Reports status of transmit and receive.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- rfe temt thre bi fe pe oe dr

Table 82. lsr Fields

Bit Name/ Identifier Description Access Reset

[31:8] - Reserved R 0x0

[7] Receiver FIFO Error bit
(rfe)

This bit is only relevant when FIFO's are enabled (FCR[0]
set to one). This is used to indicate if there is at least one
parity error, framing error, or break indication in the FIFO.
This bit is cleared when the LSR is read and the character
with the error is at the top of the receiver FIFO and there
are no subsequent errors in the FIFO.

R 0x0

[6] Transmitter Empty bit
(temt)

If in FIFO mode and FIFO's enabled (FCR[0] set to one),
this bit is set whenever the Transmitter Shift Register and
the FIFO are both empty. If FIFO's are disabled, this bit is
set whenever the Transmitter Holding Register and the
Transmitter Shift Register are both empty. Indicator is
cleared when new data is written into the THR or Transmit
FIFO.

R 0x1

[5] Transmit Holding Register
Empty bit (thre)

This bit indicates that the THR or Tx FIFO is empty. This
bit is set when data is transferred from the THR or Tx
FIFO to the transmitter shift register and no new data has
been written to the THR or Tx FIFO. This also causes a
THRE Interrupt to execute, if the THRE Interrupt is
enabled.

R 0x1

[4] Break Interrupt (bi) This is used to indicate the detection of a break sequence
on the serial input data. Set whenever the serial input,
sin, is held in a logic 0 state for longer than the sum of
start time + data bits + parity + stop bits. A break
condition on serial input causes one and only one
character, consisting of all zeros, to be received by the
UART. The character associated with the break condition is
carried through the FIFO and is revealed when the
character is at the top of the FIFO. This bit always stays in
sync with the associated character in RBR. If the current
associated character is read through RBR, this bit will be
updated to be in sync with the next character in RBR.
Reading the LSR clears the BI bit.

RC 0x0

[3] Framing Error (fe) This is used to indicate the occurrence of a framing error
in the receiver. A framing error occurs when the receiver
does not detect a valid STOP bit in the received data. In
the FIFO mode, since the framing error is associated with
a character received, it is revealed when the character
with the framing error is at the top of the FIFO. When a
framing error occurs the UART will try to resynchronize. It
does this by assuming that the error was due to the start
bit of the next character and then continues receiving the

RC 0x0
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Bit Name/ Identifier Description Access Reset

other bit data, and/or parity and stop. It should be noted
that the Framing Error (FE) bit(LSR[3]) will be set if a
break interrupt has occurred, as indicated by a Break
Interrupt BIT bit (LSR[4]). This bit always stays in sync
with the associated character in RBR. If the current
associated character is read through RBR, this bit will be
updated to be in sync with the next character in RBR.
Reading the LSR clears the FE bit.

[2] Parity Error (pe) This is used to indicate the occurrence of a parity error in
the receiver if the Parity Enable (PEN) bit (LCR[3]) is set.
Since the parity error is associated with a character
received, it is revealed when the character with the parity
error arrives at the top of the FIFO. It should be noted
that the Parity Error (PE) bit (LSR[2]) will be set if a break
interrupt has occurred, as indicated by Break Interrupt
(BI) bit (LSR[4]). In this situation, the Parity Error bit is
set depending on the combination of EPS (LCR[4]) and
DLS (LCR[1:0]). This bit always stays in sync with the
associated character in RBR. If the current associated
character is read through RBR, this bit will be updated to
be in sync with the next character in RBR. Reading the
LSR clears the PE bit.

RC 0x0

[1] Overrun error bit (oe) This is used to indicate the occurrence of an overrun error.
This occurs if a new data character was received before
the previous data was read. In the non-FIFO mode, the
OE bit is set when a new character arrives in the receiver
before the previous character was read from the RBR.
When this happens, the data in the RBR is overwritten. In
the FIFO mode, an overrun error occurs when the FIFO is
full and new character arrives at the receiver. The data in
the FIFO is retained and the data in the receive shift
register is lost.Reading the LSR clears the OE bit.

RC 0x0

[0] Data Ready bit (dr) This is used to indicate that the receiver contains at least
one character in the RBR or the receiver FIFO. This bit is
cleared when the RBR is read in the non-FIFO mode, or
when the receiver FIFO is empty, in the FIFO mode.

R 0x0
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10.4.8. msr

Identifier Title Offset Access Reset
Value

Description

msr Modem
Status
Register

0x18 R 0x00000
000

It should be noted that whenever bits 0, 1, 2
or 3 are set to logic one, to indicate a change
on the modem control inputs, a modem
status interrupt will be generated if enabled
via the IER regardless of when the change
occurred. Since the delta bits (bits 0, 1, 3)
can get set after a reset if their respective
modem signals are active (see individual bits
for details), a read of the MSR after reset can
be performed to prevent unwanted interrupts.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- dcd ri dsr cts ddcd teri ddsr dcts

Table 83. msr Fields

Bit Name/Identifier Description Access Res
et

[31:8] - Reserved R 0x0

[7] Data Carrier Detect
(dcd)

This bit is the complement of the modem control
line (dcd_n). This bit is used to indicate the
current state of dcd_n. When the Data Carrier
Detect input (dcd_n) is asserted it is an indication
that the carrier has been detected by the modem
or data set.

R 0x0

[6] Ring Indicator (ri) This bit is the complement of modem control line
(ri_n). This bit is used to indicate the current
state of ri_n. When the Ring Indicator input
(ri_n) is asserted it is an indication that a
telephone ringing signal has been received by the
modem or data set.

R 0x0

[5] Data Set Ready (dsr) This bit is the complement of modem control line
dsr_n. This bit is used to indicate the current
state of dsr_n. When the Data Set Ready input
(dsr_n) is asserted it is an indication that the
modem or data set is ready to establish
communications with the uart.

R 0x0

[4] Clear to Send (cts) This bit is the complement of modem control line
cts_n. This bit is used to indicate the current
state of cts_n. When the Clear to Send input
(cts_n) is asserted it is an indication that the
modem or data set is ready to exchange data with
the uart.

R 0x0

[3] Delta Data Carrier
Detect (ddcd)

This is used to indicate that the modem control
line dcd_n has changed since the last time the
MSR was read. Reading the MSR clears the DDCD
bit.

RC 0x0
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Bit Name/Identifier Description Access Res
et

Note: If the DDCD bit is not set and the dcd_n
signal is asserted (low) and a reset occurs
(software or otherwise), then the DDCD bit
will get set when the reset is removed if
the dcd_n signal remains asserted.

[2] Trailing Edge of Ring
Indicator (teri)

This is used to indicate that a change on the input
ri_n (from an active low, to an inactive high
state) has occurred since the last time the MSR
was read. Reading the MSR clears the TERI bit.

RC 0x0

[1] Delta Data Set Ready
(ddsr)

This is used to indicate that the modem control
line dsr_n has changed since the last time the
MSR was read. Reading the MSR clears the DDSR
bit.
Note: If the DDSR bit is not set and the dsr_n

signal is asserted (low) and a reset occurs
(software or otherwise), then the DDSR bit
will get set when the reset is removed if
the dsr_n signal remains asserted.

RC 0x0

[0] Delta Clear to Send
(dcts)

This is used to indicate that the modem control
line cts_n has changed since the last time the
MSR was read. Reading the MSR clears the DCTS
bit.
Note: If the DCTS bit is not set and the cts_n

signal is asserted (low) and a reset occurs
(software or otherwise), then the DCTS bit
will get set when the reset is removed if
the cts_n signal remains asserted.

RC 0x0
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10.4.9. scr

Identifier Title Offset Access Reset
Value

Description

scr Scratchpad
Register

0x1C RW 0x00000
00

Scratchpad Register

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- scr

Table 84. scr Fields

Bit Name Description Access Reset

[31:8] - Reserved R 0x0

[7:0] Scratchpad Register (scr) This register is for programmers to use as a temporary
storage space.

RW 0x0
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10.4.10. afr

Identifier Title Offset Access Reset
Value

Description

afr Additional
Features
Register

0x100 RW 0x00000
000

These registers enable additional features in
the soft UART controller. These features are
specific to Intel FPGA.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- tx_lo
w_en

Table 85. afr Fields

Bit Name/Identifier Description Access Reset

[31:1] - Reserved R 0x0

[0] Transmit FIFO Low
Watermark Enable Register
(tx_low_en)

This bit controls the Tx FIFO Low Watermark feature. This
feature requires FIFO to be enabled (FCR[0]). When
enabled, the UART will send a Transmit Holding Register
Empty status interrupt when the Transmit FIFO level is at
or below the value stored in tx_low. Legal values for
tx_low can range from zero up to depth of FIFO minus
two. UART behavior is undefined when tx_low is set to
illegal values.
• 1 - Transmit FIFO Low Watermark is set by tx_low
• 0 - Transmit FIFO Low Watermark is unset
This value must only be changed when the Transmit FIFO
is empty or before FIFO is enabled (FCR[0]). This register
is meant to be changed during UART initialization before
active traffic is sent. The Transmit FIFO should be reset
using FCR[2] after any changes to this value.

RW 0x0
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10.4.11. tx_low

Identifier Title Offset Access Reset
Value

Description

tx_low Transmit
FIFO Low
Watermark
Register

ox104 RW 0x00000
000

This register is used to set the value of the
Transmit FIFO Low Watermark.

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

-

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

- value

Table 86. tx_low Fields

Bit Name/Identifier Description Access Reset

[31:9] - Reserved R 0x0

[8:0] Transmit FIFO Low
Watermark (value)

Set the Transmit FIFO Low Watermark Value.
The lowest legal value is zero
The highest legal value is two less than the FIFO Depth
This value must only be changed when the Transmit FIFO
is empty or before FIFO is enabled (FCR[0]).

RW 0x00

10.5. Intel FPGA 16550 Compatible UART Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for Core Overview.

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2019.07.16 19.1 Updated the description of stop bits in Line Control Register.

2018.05.07 18.0 • Updated description of FIFO_DEPTH parameter.
• Updated Figure: Hardware Auto Flow-Control Between two UARTs.

Date Version Changes

November 2017 2017.11.06 Removed the minimum clock requirement in the Table: Clock and Reset
Signal Interface.

October 2016 2016.10.28 Two new registers:
• afr on page 132
• tx_low on page 133
Updated:
• lsr on page 127 Bit [5]
• fcr on page 122 Bit [7:6]
• New table added to iir on page 121 section

December 2015 2015.12.16 Product ID changed in "16550 UART Release Information" section.

November 2015 2015.11.06 Updated the following topics:
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Date Version Changes

• Core Overview on page 98
• Feature Description

— Table 54 on page 98
• General Architecture

— Figure 31 on page 101
• Configuration Parameters

— Table 61 on page 103
• DMA Support on page 103
• Supported Features

— Table 65 on page 108
• Configuration

— Figure 38 on page 109
• UART Device Structure on page 111

— Example 1 and 2
• Address Map and Register Descriptions on page 117

June 2015 2015.06.12 • Added "16550 UART General Programming Flow Chart" section
• Added "16550 UART Release Information" section
• Added "Address Map and Register Descriptions" section
• Added Stick parity/Force parity feature into the "UART Features and

Configurability" table in the "Feature Description" section
• Updated "Interface" section with sout_oe signal details in the "Flow

Control" table
• Updated "Underrun" section

July 2014 2014.07.24 Initial Release.
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11. UART Core

11.1. Core Overview

The UART core with Avalon interface implements a method to communicate serial
character streams between an embedded system on an Intel FPGA and an external
device. The core implements the RS-232 protocol timing, and provides adjustable
baud rate, parity, stop, and data bits. The feature set is configurable, allowing
designers to implement just the necessary functionality for a given system.

The core provides an Avalon Memory-Mapped (Avalon-MM) agent interface that allows
Avalon-MM host peripherals (such as a Nios II and Nios V processors) to communicate
with the core simply by reading and writing control and data registers.

11.2. Functional Description

Figure 39. Block Diagram of the UART Core in a Typical System

UART Core
baud rate divisor

shift register RXD

RTS

CTS

TXD Le
ve

l 
S

hi
ft

er

R
S

 -
 2

32
C

on
ne

ct
or

Avalon-MM 
  signals
connected
to on- chip
    logic

data

IRQ

data available

ready fordata

endofpa cket

address

clock

rxdata

status

control

txdata

endofpa cket

shift register

divisor

Intel FPGA

The core has two user-visible parts:

• The register file, which is accessed via the Avalon-MM agent port

• The RS-232 signals, RXD, TXD, CTS, and RTS

11.2.1. Avalon-MM Agent Interface and Registers

The UART core provides an Avalon-MM agent interface to the internal register file. The
user interface to the UART core consists of six, 16-bit registers: control, status,
rxdata, txdata, divisor, and endofpacket. A host peripheral, such as a Nios II
or Nios V processor, accesses the registers to control the core and transfer data over
the serial connection.
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The UART core provides an active-high interrupt request (IRQ) output that can request
an interrupt when new data has been received, or when the core is ready to transmit
another character. For further details, refer to the Interrupt Behavior section.

For more information, refer to Interval Timer Core section.

For details about the Avalon-MM interface, refer to the Avalon Interface Specifications.

11.2.2. RS-232 Interface

The UART core implements RS-232 asynchronous transmit and receive logic. The
UART core sends and receives serial data via the TXD and RXD ports. The I/O buffers
on most Intel FPGA families do not comply with RS-232 voltage levels, and may be
damaged if driven directly by signals from an RS-232 connector. To comply with
RS-232 voltage signaling specifications, an external level-shifting buffer is required
(for example, Maxim MAX3237) between the FPGA I/O pins and the external RS-232
connector.

The UART core uses a logic 0 for mark, and a logic 1 for space. An inverter inside the
FPGA can be used to reverse the polarity of any of the RS-232 signals, if necessary.

11.2.3. Transmitter Logic

The UART transmitter consists of a 7-, 8-, or 9-bit txdata holding register and a
corresponding 7-, 8-, or 9-bit transmit shift register. Avalon-MM host peripherals write
the txdata holding register via the Avalon-MM agent port. The transmit shift register
is loaded from the txdata register automatically when a serial transmit shift
operation is not currently in progress. The transmit shift register directly feeds the
TXD output. Data is shifted out to TXD LSB first.

These two registers provide double buffering. A host peripheral can write a new value
into the txdata register while the previously written character is being shifted out.
The host peripheral can monitor the transmitter's status by reading the status
register's transmitter ready (TRDY), transmitter shift register empty (tmt), and
transmitter overrun error (TOE) bits.

The transmitter logic automatically inserts the correct number of start, stop, and
parity bits in the serial TXD data stream as required by the RS-232 specification.

11.2.4. Receiver Logic

The UART receiver consists of a 7-, 8-, or 9-bit receiver-shift register and a
corresponding 7-, 8-, or 9-bit rxdata holding register. Avalon-MM host peripherals
read the rxdata holding register via the Avalon-MM agent port. The rxdata holding
register is loaded from the receiver shift register automatically every time a new
character is fully received.

These two registers provide double buffering. The rxdata register can hold a
previously received character while the subsequent character is being shifted into the
receiver shift register.

A host peripheral can monitor the receiver's status by reading the status register's
read-ready (RRDY), receiver-overrun error (ROE), break detect (BRK), parity error
(PE), and framing error (FE) bits. The receiver logic automatically detects the correct
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number of start, stop, and parity bits in the serial RXD stream as required by the
RS-232 specification. The receiver logic checks for four exceptional conditions, frame
error, parity error, receive overrun error, and break, in the received data and sets
corresponding status register bits.

11.2.5. Baud Rate Generation

The UART core's internal baud clock is derived from the Avalon-MM clock input. The
internal baud clock is generated by a clock divider. The divisor value can come from
one of the following sources:

• A constant value specified at system generation time

• The 16-bit value stored in the divisor register

The divisor register is an optional hardware feature. If it is disabled at system
generation time, the divisor value is fixed and the baud rate cannot be altered.

11.3. Instantiating the Core

Instantiating the UART in hardware creates at least two I/O ports for each UART core:
An RXD input, and a TXD output. The following sections describe the available options.

11.3.1. Configuration Settings

This section describes the configuration settings.

11.3.1.1. Baud Rate Options

The UART core can implement any of the standard baud rates for RS-232 connections.
The baud rate can be configured in one of two ways:

• Fixed rate—The baud rate is fixed at system generation time and cannot be
changed via the Avalon-MM agent port.

• Variable rate—The baud rate can vary, based on a clock divisor value held in the
divisor register. A host peripheral changes the baud rate by writing new values
to the divisor register.

The baud rate is calculated based on the clock frequency provided by the Avalon-
MM interface. Changing the system clock frequency in hardware without
regenerating the UART core hardware results in incorrect signaling.

11.3.1.2. Baud Rate (bps) Setting

The Baud Rate setting determines the default baud rate after reset. The Baud Rate
option offers standard preset values.

The baud rate value is used to calculate an appropriate clock divisor value to
implement the desired baud rate. Baud rate and divisor values are related as shown in
the follow two equations:

Divisor Formula:

Divisor = clock f requency
baud rate − 1
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Baud rate Formula:

Baud rate = clock f requency
divisor + 1

11.3.1.3. Baud Rate Can Be Changed By Software Setting

When this setting is on, the hardware includes a 16-bit divisor register at address
offset 4. The divisor register is writable, so the baud rate can be changed by writing
a new value to this register.

When this setting is off, the UART hardware does not include a divisor register. The
UART hardware implements a constant baud divisor, and the value cannot be changed
after system generation. In this case, writing to address offset 4 has no effect, and
reading from address offset 4 produces an undefined result.

11.3.1.4. Data Bits, Stop Bits, Parity

The UART core's parity, data bits and stop bits are configurable. These settings are
fixed at system generation time; they cannot be altered via the register file.

Table 87. Data Bits Settings

Setting Legal Values Description

Data Bits 7, 8, 9 This setting determines the widths of
the txdata, rxdata, and
endofpacket registers.

Stop Bits 1, 2 This setting determines whether the
core transmits 1 or 2 stop bits with
every character. The core always
terminates a receive transaction at the
first stop bit, and ignores all
subsequent stop bits, regardless of this
setting.

Parity None, Even, Odd This setting determines whether the
UART core transmits characters with
parity checking, and whether it expects
received characters to have parity
checking.
When Parity is set to None, the
transmit logic sends data without
including a parity bit, and the receive
logic presumes the incoming data does
not include a parity bit. The PE bit in
the status register is not
implemented; it always reads 0.
When Parity is set to Odd or Even,
the transmit logic computes and inserts
the required parity bit into the
outgoing TXD bitstream, and the
receive logic checks the parity bit in
the incoming RXD bitstream. If the
receiver finds data with incorrect
parity, the PE bit in the status
register is set to 1. When Parity is
Even, the parity bit is 0 if the
character has an even number of 1
bits; otherwise the parity bit is 1.
Similarly, when parity is Odd, the
parity bit is 0 if the character has an
odd number of 1 bits.
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11.3.1.5. Synchronizer Stages

The option Synchronizer Stages allows you to specify the length of synchronization
register chains. These register chains are used when a metastable event is likely to
occur and the length specified determines the meantime before failure. The register
chain length, however, affects the latency of the core.

For more information on metastability in Intel FPGA devices, refer to Understanding
Metastability in FPGAs.

For more information on metastability analysis and synchronization register chains,
refer to the Area and Timing Optimization chapter in volume 2 of the Intel Quartus
Prime Handbook.

11.3.1.6. Streaming Data (DMA) Control

The UART core can also optionally include the end-of-packet register.

11.3.1.6.1. Include End-of-Packet Register

When this setting is on, the UART core includes:

• A 7-, 8-, or 9-bit endofpacket register at address-offset 5. The data width is
determined by the Data Bits setting.

• EOP bit in the status register.

• IEOP bit in the control register.

• endofpacket signal.

EOP detection can be used with a DMA controller, for example, to implement a UART
that automatically writes received characters to memory until a specified character is
encountered in the incoming RXD stream. The terminating (EOP) character's value is
determined by the endofpacket register.

When the EOP register is disabled, the UART core does not include the EOP resources.
Writing to the endofpacket register has no effect, and reading produces an
undefined value.

11.4. Software Programming Model

The following sections describe the software programming model for the UART core,
including the register map and software declarations to access the hardware. For Nios
II and Nios V processors users, Intel provides hardware abstraction layer (HAL)
system library drivers that enable you to access the UART core using the ANSI C
standard library functions, such as printf() and getchar().

11.4.1. HAL System Library Support

The Intel-provided driver implements a HAL character-mode device driver that
integrates into the HAL system library for Nios II and Nios V processors systems. HAL
users should access the UART via the familiar HAL API and the ANSI C standard
library, rather than accessing the UART registers. ioctl() requests are defined that
allow HAL users to control the hardware-dependent aspects of the UART.
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Note: If your program uses the HAL device driver to access the UART hardware, accessing
the device registers directly interferes with the correct behavior of the driver.

For Nios II and Nios V processors users, the HAL system library API provides complete
access to the UART core's features. Nios II and Nios V processors programs treat the
UART core as a character mode device, and send and receive data using the ANSI C
standard library functions.

The driver supports the CTS/RTS control signals when they are enabled in Platform
Designer. Refer to Driver Options: Fast Versus Small Implementations section.

The following code demonstrates the simplest possible usage, printing a message to
stdout using printf(). In this example, the system contains a UART core, and the
HAL system library has been configured to use this device for stdout.

Example 4. Example: Printing Characters to a UART Core as stdout

#include <stdio.h>
int main ()
{
printf("Hello world.\n");
return 0;
}

The following code demonstrates reading characters from and sending messages to a
UART device using the C standard library. In this example, the system contains a
UART core named uart1 that is not necessarily configured as the stdout device. In
this case, the program treats the device like any other node in the HAL file system.

For more information about the HAL system library, refer to the Nios II Software
Developer's Handbook.

Example 5. Example: Sending and Receiving Characters

/* A simple program that recognizes the characters 't' and 'v' */
#include <stdio.h>
#include <string.h>
int main ()
{
 char* msg = "Detected the character 't'.\n";
 FILE* fp;
 char prompt = 0;
 fp = fopen ("/dev/uart1", "r+"); //Open file for reading and writing
 if (fp)
 {
 while (prompt != 'v')
 { // Loop until we receive a 'v'.
 prompt = getc(fp); // Get a character from the UART.
 if (prompt == 't')
 { // Print a message if character is 't'.
 fwrite (msg, strlen (msg), 1, fp);
 }
 }
 fprintf(fp, "Closing the UART file.\n"); 
 fclose (fp);
 }
 return 0;
}

Related Information

• Nios II Software Developer's Handbook
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• Nios V Processor Quick Start Guide

11.4.1.1. Driver Options: Fast vs Small Implementations

To accommodate the requirements of different types of systems, the UART driver
provides two variants: a fast version and a small version. The fast version is the
default. Both fast and small drivers fully support the C standard library functions and
the HAL API.

The fast driver is an interrupt-driven implementation, which allows the processor to
perform other tasks when the device is not ready to send or receive data. Because the
UART data rate is slow compared to the processor, the fast driver can provide a large
performance benefit for systems that could be performing other tasks in the interim.

The small driver is a polled implementation that waits for the UART hardware before
sending and receiving each character. There are two ways to enable the small footprint
driver:

• Enable the small footprint setting for the HAL system library project. This option
affects device drivers for all devices in the system as well.

• Specify the preprocessor option -DALTERA_AVALON_UART_SMALL. You can use
this option if you want the small, polled implementation of the UART driver, but do
not want to affect the drivers for other devices.

Refer to the help system in the Nios II IDE for details about how to set HAL properties
and preprocessor options.

11.4.1.1.1. UART API

Table 88. altera_avalon_uart_close
altera_avalon_uart_close is not available for small driver.

Prototype int altera_avalon_uart_close(altera_avalon_uart_state* sp, int flags);

Include <altera_avalon_uart.h>

Parameters • sp - the UART device to close
• flags - for indicating blocking/non-blocking access for single/multi-threaded

Returns None

Description Closes UART device

Table 89. altera_avalon_uart_read

Prototype int altera_avalon_uart_read(altera_avalon_uart_state* sp, char* ptr, int
len, int flags);

Include <altera_avalon_uart.h>

Parameters • sp - the UART device
• ptr - destination address
• len - maximum length of the data
• flags - for indicating blocking/non-blocking access for single/multi-threaded

Returns Number of bytes read

Description Reads data to the UART receiver buffer
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Table 90. altera_avalon_uart_write

Prototype int altera_avalon_uart_write(altera_avalon_uart_state* sp, char* ptr,
int len, int flags);

Include <altera_avalon_uart.h>

Parameters • sp - the UART device
• ptr - source address
• len - maximum length of the data
• flags - for indicating blocking/non-blocking access for single/multi-threaded

Returns Number of bytes written

Description Writes data to the UART receiver buffer

Table 91. altera_avalon_uart_irq
altera_avalon_uart_irq is not available for small driver.

Prototype static void altera_avalon_uart_irq(void* context)

Include <altera_avalon_uart.h>

Parameters • context - the UART device

Returns None

Description Interrupt handler to process UART interrupts to process receiver/transmitter interrupts

Table 92. altera_avalon_uart_rxirq
altera_avalon_uart_rxirq is not available for small driver.

Prototype static void altera_avalon_uart_rxirq(altera_avalon_uart_state* sp,
alt_u32 status)

Include <altera_avalon_uart.h>

Parameters • sp - the UART device
• status - individual bits that indicate conditions inside the UART core

Returns None

Description Process a receive interrupt. It transfers the incoming character into the receiver circular buffer
and sets the appropriate flags to indicate that there is data ready to be processed

Table 93. altera_avalon_uart_txirq
altera_avalon_uart_txirq is not available for small driver.

Prototype static void altera_avalon_uart_txirq(altera_avalon_uart_state* sp,
alt_u32 status)

Include <altera_avalon_uart.h>

Parameters • sp - the UART device
• status - individual bits that indicate conditions inside the UART core

Returns None

Description Process a transmit interrupt. It transfers data from the transmit buffer to the device and sets
the appropriate flags to indicate that there is data ready to be processed
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11.4.1.1.2. UART Device Structure

typedef struct altera_avalon_uart_state_s
{
  void*            base;            /* The base address of the device */
  alt_u32          ctrl;            /* Shadow value of the control register */
  volatile alt_u32 rx_start;        /* Start of the pending receive data */
  volatile alt_u32 rx_end;          /* End of the pending receive data */
  volatile alt_u32 tx_start;        /* Start of the pending transmit data */
  volatile alt_u32 tx_end;          /* End of the pending transmit data */
#ifdef ALTERA_AVALON_UART_USE_IOCTL
  struct termios termios;           /* Current device configuration */
  alt_u32          freq;            /* Current baud rate */
#endif
  alt_u32          flags;           /* Configuration flags */
  ALT_FLAG_GRP     (events)         /* Event flags used for 
                                     * foreground/background in multi-threaded
                                     * mode */
  ALT_SEM          (read_lock)      /* Semaphore used to control access to the 
                                     * read buffer in multi-threaded mode */
  ALT_SEM          (write_lock)     /* Semaphore used to control access to the
                                     * write buffer in multi-threaded mode */
  volatile alt_u8  rx_buf[ALT_AVALON_UART_BUF_LEN]; /* The receive buffer */
  volatile alt_u8  tx_buf[ALT_AVALON_UART_BUF_LEN]; /* The transmit buffer */
} altera_avalon_uart_state;

11.4.1.2. ioctl() Operations

The UART driver supports the ioctl() function to allow HAL-based programs to
request device-specific operations. The table below defines operation requests that the
UART driver supports.

Table 94. UART ioctl() Operations

Request Description

TIOCEXCL Locks the device for exclusive access. Further calls to open() for this device will fail until either
this file descriptor is closed, or the lock is released using the TIOCNXCL ioctl request. For this
request to succeed there can be no other existing file descriptors for this device. The parameter
arg is ignored.

TIOCNXCL Releases a previous exclusive access lock. The parameter arg is ignored.

Additional operation requests are also optionally available for the fast driver only, as
shown in Optional UART ioctl() Operations for the Fast Driver Only Table. To
enable these operations in your program, you must set the preprocessor option -
DALTERA_AVALON_UART_USE_IOCTL.

Table 95. Optional UART ioctl() Operations for the Fast Driver Only

Request Description

TIOCMGET Returns the current configuration of the device by filling in the contents of the input termios structure.
A pointer to this structure is supplied as the value of the parameter opt.

TIOCMSET Sets the configuration of the device according to the values contained in the input termios structure.
A pointer to this structure is supplied as the value of the parameter arg.

Note: The termios structure is defined by the Newlib C standard library. You can find the
definition in the file <Nios II EDS install path>/components/
altera_hal/HAL/inc/sys/termios.h.
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For details about the ioctl() function, refer to the Nios II Software Developer's
Handbook .

Related Information

Nios II Software Developer's Handbook

11.4.1.3. Limitations

The HAL driver for the UART core does not support the endofpacket register. Refer to
the Register map section for details.

11.4.2. Software Files

The UART core is accompanied by the following software files. These files define the
low-level interface to the hardware, and provide the HAL drivers. Application
developers should not modify these files.

• altera_avalon_uart_regs.h—This file defines the core's register map,
providing symbolic constants to access the low-level hardware. The symbols in this
file are used only by device driver functions.

• altera_avalon_uart.h, altera_avalon_uart_fd.c,
altera_avalon_uart_init.c, altera_avalon_uart_ioctl.c,
altera_avalon_uart_read.c, altera_avalon_uart_write.c—These files
implement the UART core device driver for the HAL system library.

11.4.3. Register Map

Programmers using the HAL API never access the UART core directly via its registers.
In general, the register map is only useful to programmers writing a device driver for
the core.

The Intel-provided HAL device driver accesses the device registers directly. If you are
writing a device driver and the HAL driver is active for the same device, your driver
will conflict and fail to operate.

The UART Core Register map table below shows the register map for the UART core.
Device drivers control and communicate with the core through the memory-mapped
registers.

Table 96. UART Core Register Map

Offset Register
Name

R/W Description/Register Bits

15:13 12 11 10 9 8 7 6 5 4 3 2 1 0

0 rxdata RO Reserved (1
6)

(1
6)

Receive Data

1 txdata WO Reserved (1
6)

(1
6)

Transmit Data
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Offset Register
Name

R/W Description/Register Bits

15:13 12 11 10 9 8 7 6 5 4 3 2 1 0

2 status (15) RW Reserve
d

eo
p

cts dct
s

e rrd
y

trd
y

tm
t

toe ro
e

br
k

fe pe

3 control RW Reserve
d

ieo
p

rts idc
ts

trb
k

ie irr
dy

itr
dy

it
mt

ito
e

iro
e

ibr
k

ife ipe

4 divisor
(17)

RW Baud Rate Divisor

5 endof-
packet (17)

RW Reserved (1
6)

(1
6)

End-of-Packet Value

Some registers and bits are optional. These registers and bits exists in hardware only
if it was enabled at system generation time. Optional registers and bits are noted in
the following sections.

11.4.3.1. rxdata Register

The rxdata register holds data received via the RXD input. When a new character is
fully received via the RXD input, it is transferred into the rxdata register, and the
status register's rrdy bit is set to 1. The status register's rrdy bit is set to 0
when the rxdata register is read. If a character is transferred into the rxdata
register while the rrdy bit is already set (in other words, the previous character was
not retrieved), a receiver-overrun error occurs and the status register's roe bit is
set to 1. New characters are always transferred into the rxdata register, regardless of
whether the previous character was read. Writing data to the rxdata register has no
effect.

11.4.3.2. txdata Register

Avalon-MM host peripherals write characters to be transmitted into the txdata
register. Characters should not be written to txdata until the transmitter is ready for
a new character, as indicated by the TRDY bit in the status register. The TRDY bit is
set to 0 when a character is written into the txdata register. The TRDY bit is set to 1
when the character is transferred from the txdata register into the transmitter shift
register. If a character is written to the txdata register when TRDY is 0, the result is
undefined. Reading the txdata register returns an undefined value.

For example, assume the transmitter logic is idle and an Avalon-MM host peripheral
writes a first character into the txdata register. The TRDY bit is set to 0, then set to 1
when the character is transferred into the transmitter shift register. The host can then
write a second character into the txdata register, and the TRDY bit is set to 0 again.

(15) Writing zero to the status register clears the dcts, e, toe, roe, brk, fe, and pe bits.

(16) These bits may or may not exist, depending on the Data Width hardware option. If they do
not exist, they read zero, and writing has no effect.

(17) This register may or may not exist, depending on hardware configuration options. If it does not
exist, reading returns an undefined value and writing has no effect.
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However, this time the shift register is still busy shifting out the first character to the
TXD output. The TRDY bit is not set to 1 until the first character is fully shifted out and
the second character is automatically transferred into the transmitter shift register.

11.4.3.3. status Register

The status register consists of individual bits that indicate particular conditions inside
the UART core. Each status bit is associated with a corresponding interrupt-enable bit
in the control register. The status register can be read at any time. Reading does
not change the value of any of the bits. Writing zero to the status register clears the
DCTS, E, TOE, ROE, BRK, FE, and PE bits.

Table 97. status Register Bits

Bit Name Access Description

0 (18) PE RC Parity error. A parity error occurs when the received parity bit has an
unexpected (incorrect) logic level. The PE bit is set to 1 when the core
receives a character with an incorrect parity bit. The PE bit stays set to 1
until it is explicitly cleared by a write to the status register. When the PE
bit is set, reading from the rxdata register produces an undefined value.
If the Parity hardware option is not enabled, no parity checking is
performed and the PE bit always reads 0. Refer to Data Bits, Stop Bits,
Parity section.

1 FE RC Framing error. A framing error occurs when the receiver fails to detect a
correct stop bit. The FE bit is set to 1 when the core receives a character
with an incorrect stop bit. The FE bit stays set to 1 until it is explicitly
cleared by a write to the status register. When the FE bit is set, reading
from the rxdata register produces an undefined value.

2 BRK RC Break detect. The receiver logic detects a break when the RXD pin is held low
(logic 0) continuously for longer than a full-character time (data bits, plus
start, stop, and parity bits). When a break is detected, the BRK bit is set to
1. The BRK bit stays set to 1 until it is explicitly cleared by a write to the
status register.

3 ROE RC Receive overrun error. A receive-overrun error occurs when a newly received
character is transferred into the rxdata holding register before the previous
character is read (in other words, while the RRDY bit is 1). In this case, the
ROE bit is set to 1, and the previous contents of rxdata are overwritten with
the new character. The ROE bit stays set to 1 until it is explicitly cleared by a
write to the status register.

4 TOE RC Transmit overrun error. A transmit-overrun error occurs when a new
character is written to the txdata holding register before the previous
character is transferred into the shift register (in other words, while the
TRDY bit is 0). In this case the TOE bit is set to 1. The TOE bit stays set to 1
until it is explicitly cleared by a write to the status register.

5 TMT R Transmit empty. The TMT bit indicates the transmitter shift register’s current
state. When the shift register is in the process of shifting a character out the
TXD pin, TMT is set to 0. When the shift register is idle (in other words, a
character is not being transmitted) the TMT bit is 1. An Avalon-MM host
peripheral can determine if a transmission is completed (and received at the
other end of a serial link) by checking the TMT bit.

6 TRDY R Transmit ready. The TRDY bit indicates the txdata holding register’s current
state. When the txdata register is empty, it is ready for a new character,
and TRDY is 1. When the txdata register is full, TRDY is 0. An Avalon-MM
host peripheral must wait for TRDY to be 1 before writing new data to
txdata.
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Bit Name Access Description

7 RRDY R Receive character ready. The RRDY bit indicates the rxdata holding
register’s current state. When the rxdata register is empty, it is not ready
to be read and RRDY is 0. When a newly received value is transferred into
the rxdata register, RRDY is set to 1. Reading the rxdata register clears
the RRDY bit to 0. An Avalon-MM host peripheral must wait for RRDY to equal
1 before reading the rxdata register.

8 E RC Exception. The E bit indicates that an exception condition occurred. The E bit
is a logical-OR of the TOE, ROE, BRK, FE, and PE bits. The E bit and its
corresponding interrupt-enable bit (IE) bit in the control register provide a
convenient method to enable/disable IRQs for all error conditions.
The E bit is set to 0 by a write operation to the status register.

10 (18) DCTS RC Change in clear to send (CTS) signal. The DCTS bit is set to 1 whenever a
logic-level transition is detected on the CTS_N input port (sampled
synchronously to the Avalon-MM clock). This bit is set by both falling and
rising transitions on CTS_N. The DCTS bit stays set to 1 until it is explicitly
cleared by a write to the status register.

11 (18) CTS R Clear-to-send (CTS) signal. The CTS bit reflects the CTS_N input’s
instantaneous state (sampled synchronously to the Avalon-MM clock).
The CTS_N input has no effect on the transmit or receive processes. The only
visible effect of the CTS_N input is the state of the CTS and DCTS bits, and
an IRQ that can be generated when the control register’s idcts bit is enabled.

12 (18) EOP R(18) End of packet encountered. The EOP bit is set to 1 by one of the following
events:
An EOP character is written to txdata
An EOP character is read from rxdata
The EOP character is determined by the contents of the endofpacket
register. The EOP bit stays set to 1 until it is explicitly cleared by a write to
the status register.
If the Include End-of-Packet Register hardware option is not enabled, the
EOP bit always reads 0. Refer to Streaming Data (DMA) Control Section.

11.4.3.4. control Register

The control register consists of individual bits, each controlling an aspect of the
UART core's operation. The value in the control register can be read at any time.

Each bit in the control register enables an IRQ for a corresponding bit in the
status register. When both a status bit and its corresponding interrupt-enable bit
are 1, the core generates an IRQ.

Table 98. control Register Bits

Bit Name Access Description

0 IPE RW Enable interrupt for a parity error.

1 IFE RW Enable interrupt for a framing error.

2 IBRK RW Enable interrupt for a break detect.

3 IROE RW Enable interrupt for a receiver overrun error.

continued...   

(18) This bit is optional and may not exist in hardware.
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Bit Name Access Description

4 ITOE RW Enable interrupt for a transmitter overrun error.

5 ITMT RW Enable interrupt for a transmitter shift register empty.

6 ITRDY RW Enable interrupt for a transmission ready.

7 IRRDY RW Enable interrupt for a read ready.

8 IE RW Enable interrupt for an exception.

9 TRBK RW Transmit break. The TRBK bit allows an Avalon-MM host peripheral to transmit
a break character over the TXD output. The TXD signal is forced to 0 when
the TRBK bit is set to 1. The TRBK bit overrides any logic level that the
transmitter logic would otherwise drive on the TXD output. The TRBK bit
interferes with any transmission in process. The Avalon-MM host peripheral
must set the TRBK bit back to 0 after an appropriate break period elapses.

10(19) IDCTS RW Enable interrupt for a change in CTS signal.

11(19) RTS RW Request to send (RTS) signal. The RTS bit directly feeds the RTS_N output.
An Avalon-MM host peripheral can write the RTS bit at any time. The value of
the RTS bit only affects the RTS_N output; it has no effect on the transmitter
or receiver logic. Because the RTS_N output is logic negative, when the RTS
bit is 1, a low logic-level (0) is driven on the RTS_N output.

12(19) IEOP RW Enable interrupt for end-of-packet condition.

11.4.3.5. divisor Register (Optional)

The value in the divisor register is used to generate the baud rate clock. The
effective baud rate is determined by the formula:

Baud Rate = (Clock frequency) / (divisor + 1)

The divisor register is an optional hardware feature. If the Baud Rate Can Be
Changed By Software hardware option is not enabled, the divisor register does
not exist. In this case, writing divisor has no effect, and reading divisor returns
an undefined value. For more information, refer to the Baud Rate Options section.

11.4.3.6. endofpacket Register (Optional)

The value in the endofpacket register determines the end-of-packet character for
variable-length DMA transactions. After reset, the default value is zero, which is the
ASCII null character (\0). For more information, refer to status Register bits for the
description for the EOP bit.

The endofpacket register is an optional hardware feature. If the Include end-of-
packet register hardware option is not enabled, the endofpacket register does not
exist. In this case, writing endofpacket has no effect, and reading returns an
undefined value.

(19) This bit is optional and may not exist in hardware.
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11.4.4. Interrupt Behavior

The UART core outputs a single IRQ signal to the Avalon-MM interface, which can
connect to any host peripheral in the system, such as a Nios II or Nios V processor.
The host peripheral must read the status register to determine the cause of the
interrupt.

Every interrupt condition has an associated bit in the status register and an
interrupt-enable bit in the control register. When any of the interrupt conditions
occur, the associated status bit is set to 1 and remains set until it is explicitly
acknowledged. The IRQ output is asserted when any of the status bits are set while
the corresponding interrupt-enable bit is 1. A host peripheral can acknowledge the IRQ
by clearing the status register.

At reset, all interrupt-enable bits are set to 0; therefore, the core cannot assert an
IRQ until a host peripheral sets one or more of the interrupt-enable bits to 1.

All possible interrupt conditions are listed with their associated status and control
(interrupt-enable) bits. Details of each interrupt condition are provided in the status
bit descriptions.

11.5. UART Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 • Added Nios V processor in the description for the following sections:
— Core Overview
— Avalon-MM Agent Interface and Registers
— Software Programming Model
— HAL System Library Support
— Interrupt Behavior

• Added a link to Nios V Processor Quick Start Guide in HAL System
Library Support.

2020.01.22 19.4 Corrected Table: control Register Bits,

2018.09.24 18.1 • Added two new sections:
— UART API
— UART Device Structure

• Corrected the divisor and baud rate formula in Baud Rate (bps) Setting
section.

2018.05.07 18.0 • Corrected the Software Files that implement the UART core device
driver for the HAL system library

• Removed the following sections:
— Simulation Settings
— Simulation Consideration

• Fixed typos and references.

Date and Document
Version

Version Changes

June 2016 2016.06.17 Removed content regarding Avalon-MM flow control.

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.
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Date and Document
Version

Version Changes

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 Added description of a new parameter, Synchronizer stages.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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12. JTAG UART Core

12.1. Core Overview

The JTAG UART core with Avalon interface implements a method to communicate
serial character streams between a host PC and a Platform Designer system on an
Intel FPGA. In many designs, the JTAG UART core eliminates the need for a separate
RS-232 serial connection to a host PC for character I/O. The core provides an Avalon
interface that hides the complexities of the JTAG interface from embedded software
programmers. Host peripherals (such as a Nios II and Nios V processors)
communicate with the core by reading and writing control and data registers.

The JTAG UART core uses the JTAG circuitry built in to Intel FPGAs, and provides host
access via the JTAG pins on the FPGA. The host PC can connect to the FPGA via any
Intel FPGA JTAG download cable, such as the Intel FPGA download cable II. Software
support for the JTAG UART core is provided by Intel. For the Nios II and Nios V
processors, device drivers are provided in the hardware abstraction layer (HAL)
system library, allowing software to access the core using the ANSI C Standard Library
stdio.h routines.

Nios II processor users can access the JTAG UART via the Nios II IDE or the nios2-
terminal command-line utility. For Nios V processor users, you can access the JTAG
UART using the juart-terminal command-line utility. For further details, refer to the 
Nios II Software Developer's Handbook or the Nios II IDE online help.

For the host PC, Intel provides JTAG terminal software that manages the connection to
the target, decodes the JTAG data stream, and displays characters on screen.

The JTAG UART core is Platform Designer-ready and integrates easily into any Platform
Designer-generated system.

Note: Partial Reconfiguration Region does not support any JTAG UART component.

12.2. Functional Description

The figure below shows a block diagram of the JTAG UART core and its connection to
the JTAG circuitry inside an Intel FPGA. The following sections describe the
components of the core.
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Figure 40. JTAG UART Core Block Diagram
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12.2.1. Avalon Agent Interface and Registers

The JTAG UART core provides an Avalon agent interface to the JTAG circuitry on an
Intel FPGA. The user-visible interface to the JTAG UART core consists of two 32-bit
registers, data and control, that are accessed through an Avalon agent port. An
Avalon host, such as a Nios II or Nios V processor, accesses the registers to control
the core and transfer data over the JTAG connection. The core operates on 8-bit units
of data at a time; eight bits of the data register serve as a one-character payload.

The JTAG UART core provides an active-high interrupt output that can request an
interrupt when read data is available, or when the write FIFO is ready for data. For
further details see the Interrupt Behavior section.

12.2.2. Read and Write FIFOs

The JTAG UART core provides bidirectional FIFOs to improve bandwidth over the JTAG
connection. The FIFO depth is parameterizable to accommodate the available on-chip
memory. The FIFOs can be constructed out of memory blocks or registers, allowing
you to trade off logic resources for memory resources, if necessary.

12.2.3. JTAG Interface

Intel FPGAs contain built-in JTAG control circuitry between the device's JTAG pins and
the logic inside the device. The JTAG controller can connect to user-defined circuits
called nodes implemented in the FPGA. Because several nodes may need to
communicate via the JTAG interface, a JTAG hub, which is a multiplexer, is necessary.
During logic synthesis and fitting, the Intel Quartus Prime software automatically
generates the JTAG hub logic. No manual design effort is required to connect the JTAG
circuitry inside the device; the process is presented here only for clarity.

12.2.4. Host-Target Connection

Below you can see the connection between a host PC and an Platform Designer-
generated system containing a JTAG UART core.
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Figure 41. Example System Using the JTAG UART Core

Debug Data

PC 
Interface JTAG

Host PC

FPGA

 JT
AG

 C
on

tro
lle

r

JT
AG H
ub

 JTAG
Server

Download
Cable
Driver

Download
Cable

JTAG
Debug
Module

JTAG
UART

System Interconnect Fabric

Character Stream

Debugger

C

JTAG Terminal

Nios II
Processor

On-Chip
Memory

M

S S

M

S

Avalon-MM host port

Avalon-MM agent port 

The JTAG controller on the FPGA and the download cable driver on the host PC
implement a simple data-link layer between host and target. All JTAG nodes inside the
FPGA are multiplexed through the single JTAG connection. JTAG server software on the
host PC controls and decodes the JTAG data stream, and maintains distinct
connections with nodes inside the FPGA.

The example system in the figure above contains one JTAG UART core and a Nios II
processor. Both agents communicate with the host PC over a single Intel FPGA
download cable. Thanks to the JTAG server software, each host application has an
independent connection to the target. Intel provides the JTAG server drivers and host
software required to communicate with the JTAG UART core.

Systems with multiple JTAG UART cores are possible, and all cores communicate via
the same JTAG interface. To maintain coherent data streams, only one processor
should communicate with each JTAG UART core.

12.3. Configuration

The following sections describe the available configuration options.

12.3.1. Configuration Page

The options on this page control the hardware configuration of the JTAG UART core.
The default settings are pre-configured to behave optimally with the Intel-provided
device drivers and JTAG terminal software. Most designers should not change the
default values, except for the Construct using registers instead of memory
blocks option.
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12.3.1.1. Write FIFO Settings

The write FIFO buffers data flowing from the Avalon interface to the host. The
following settings are available:

• Depth—The write FIFO depth can be set from 8 to 32,768 bytes. Only powers of
two are allowed. Larger values consume more on-chip memory resources. A depth
of 64 is generally optimal for performance, and larger values are rarely necessary.

• IRQ Threshold—The write IRQ threshold governs how the core asserts its IRQ in
response to the FIFO emptying. As the JTAG circuitry empties data from the write
FIFO, the core asserts its IRQ when the number of characters remaining in the
FIFO reaches this threshold value. For maximum bandwidth, a processor should
service the interrupt by writing more data and preventing the write FIFO from
emptying completely. A value of 8 is typically optimal. See the Interrupt
Behavior section for further details.

• Construct using registers instead of memory blocks—Turning on this option
causes the FIFO to be constructed out of on-chip logic resources. This option is
useful when memory resources are limited. Each byte consumes roughly 11 logic
elements (LEs), so a FIFO depth of 8 (bytes) consumes roughly 88 LEs.

12.3.1.2. Read FIFO Settings

The read FIFO buffers data flowing from the host to the Avalon interface. Settings are
available to control the depth of the FIFO and the generation of interrupts.

• Depth—The read FIFO depth can be set from 8 to 32,768 bytes. Only powers of
two are allowed. Larger values consume more on-chip memory resources. A depth
of 64 is generally optimal for performance, and larger values are rarely necessary.

• IRQ Threshold—The IRQ threshold governs how the core asserts its IRQ in
response to the FIFO filling up. As the JTAG circuitry fills up the read FIFO, the
core asserts its IRQ when the amount of space remaining in the FIFO reaches this
threshold value. For maximum bandwidth, a processor should service the interrupt
by reading data and preventing the read FIFO from filling up completely. A value
of 8 is typically optimal. See the Interrupt Behavior section for further details.

• Construct using registers instead of memory blocks—Turning on this option
causes the FIFO to be constructed out of logic resources. This option is useful
when memory resources are limited. Each byte consumes roughly 11 LEs, so a
FIFO depth of 8 (bytes) consumes roughly 88 LEs.

12.4. Software Programming Model

The following sections describe the software programming model for the JTAG UART
core, including the register map and software declarations to access the hardware. For
Nios II and Nios V processors users, Intel provides HAL system library drivers that
enable you to access the JTAG UART using the ANSI C standard library functions, such
as printf() and getchar().

12.4.1. HAL System Library Support

The Intel-provided driver implements a HAL character-mode device driver that
integrates into the HAL system library for Nios II and Nios V processors systems. HAL
users should access the JTAG UART via the familiar HAL API and the ANSI C standard
library, rather than accessing the JTAG UART registers. ioctl() requests are defined
that allow HAL users to control the hardware-dependent aspects of the JTAG UART.
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Note: If your program uses the Intel-provided HAL device driver to access the JTAG UART
hardware, accessing the device registers directly will interfere with the correct
behavior of the driver.

For Nios II and Nios V processors users, the HAL system library API provides complete
access to the JTAG UART core's features. Nios II and Nios V processors programs treat
the JTAG UART core as a character mode device, and send and receive data using the
ANSI C standard library functions, such as getchar() and printf().

The "Printing Characters to a JTAG UART core as stdout" example below demonstrates
the simplest possible usage, printing a message to stdout using printf(). In this
example, the Platform Designer system contains a JTAG UART core, and the HAL
system library is configured to use this JTAG UART device for stdout.

Table 99. Example: Printing Characters to a JTAG UART Core as stdout

#include <stdio.h>
int main ()
{
printf("Hello world.\n");
return 0;
}

The Transmitting characters to a JTAG UART Core example demonstrates reading
characters from and sending messages to a JTAG UART core using the C standard
library. In this example, the Platform Designer system contains a JTAG UART core
named jtag_uart that is not necessarily configured as the stdout device. In this
case, the program treats the device like any other node in the HAL file system.

Table 100. Example: Transmitting Characters to a JTAG UART Core

/* A simple program that recognizes the characters 't' and 'v' */
#include <stdio.h>
#include <string.h>
int main ()
{
char* msg = "Detected the character 't'.\n";
FILE* fp;
char prompt = 0;
fp = fopen ("/dev/jtag_uart", "r+"); //Open file for reading and writing
if (fp)
{
while (prompt != 'v')
{ // Loop until we receive a 'v'.
prompt = getc(fp); // Get a character from the JTAG UART.
if (prompt == 't')
{ // Print a message if character is 't'.
fwrite (msg, strlen (msg), 1, fp);
}
if (ferror(fp)) // Check if an error occurred with the file
clearerr(fp); // If so, clear it.
}
fprintf(fp, "Closing the JTAG UART file handle.\n");
fclose (fp);
}
return 0;
}
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In this example, the ferror(fp) is used to check if an error occurred on the JTAG
UART connection, such as a disconnected JTAG connection. In this case, the driver
detects that the JTAG connection is disconnected, reports an error (EIO), and discards
data for subsequent transactions. If this error ever occurs, the C library latches the
value until you explicitly clear it with the clearerr() function.

For complete details of the HAL system library, refer to the Nios II Software
Developer's Handbook .

The Nios II Embedded Design Suite (EDS) provides a number of software example
designs that use the JTAG UART core.

Related Information

Nios II Software Developer's Handbook

12.4.1.1. Driver Options: Fast vs. Small Implementations

To accommodate the requirements of different types of systems, the JTAG UART driver
has two variants, a fast version and a small version. The fast behavior is used by
default. Both the fast and small drivers fully support the C standard library functions
and the HAL API.

The fast driver is an interrupt-driven implementation, which allows the processor to
perform other tasks when the device is not ready to send or receive data. Because the
JTAG UART data rate is slow compared to the processor, the fast driver can provide a
large performance benefit for systems that could be performing other tasks in the
interim. In addition, the fast version of the Intel FPGA Avalon JTAG UART monitors the
connection to the host. The driver discards characters if no host is connected, or if the
host is not running an application that handles the I/O stream.

The small driver is a polled implementation that waits for the JTAG UART hardware
before sending and receiving each character. The performance of the small driver is
poor if you are sending large amounts of data. The small version assumes that the
host is always connected, and will never discard characters. Therefore, the small
driver will hang the system if the JTAG UART hardware is ever disconnected from the
host while the program is sending or receiving data. There are two ways to enable the
small footprint driver:

• Enable the small footprint setting for the HAL system library project. This option
affects device drivers for all devices in the system.

• Specify the preprocessor option -DALTERA_AVALON_JTAG_UART_SMALL. Use this
option if you want the small, polled implementation of the JTAG UART driver, but
you do not want to affect the drivers for other devices.

12.4.1.2. ioctl() Operations

The fast version of the JTAG UART driver supports the ioctl() function to allow HAL-
based programs to request device-specific operations. Specifically, you can use the
ioctl() operations to control the timeout period, and to detect whether or not a host
is connected. The fast driver defines the ioctl() operations shown in below.
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Table 101. JTAG UART ioctl() Operations for the Fast Driver Only

Request Meaning

TIOCSTIMEOUT Set the timeout (in seconds) after which the driver will decide that the host is not connected. A
timeout of 0 makes the target assume that the host is always connected. The ioctl arg
parameter passed in must be a pointer to an integer.

TIOCGCONNECTED Sets the integer arg parameter to a value that indicates whether the host is connected and
acting as a terminal (1), or not connected (0). The ioctl arg parameter passed in must be a
pointer to an integer.

For details about the ioctl() function, refer to the Nios II Software Developer's
Handbook .

Related Information

Nios II Software Developer's Handbook

12.4.2. Software Files

The JTAG UART core is accompanied by the following software files. These files define
the low-level interface to the hardware, and provide the HAL drivers. Application
developers should not modify these files.

• altera_avalon_jtag_uart_regs.h—This file defines the core's register map,
providing symbolic constants to access the low-level hardware. The symbols in this
file are used only by device driver functions.

• altera_avalon_jtag_uart.h, altera_avalon_jtag_uart_init.c,
altera_avalon_jtag_uart_fd.c, altera_avalon_jtag_uart_ioctl.c,
altera_avalon_jtag_uart_read.c, altera_avalon_jtag_uart_write.c
—These files implement the HAL system library device driver.

12.4.3. Accessing the JTAG UART Core via a Host PC

Host software is necessary for a PC to access the JTAG UART core. The Nios II IDE
supports the JTAG UART core, and displays character I/O in a console window. Intel
also provides a command-line utility called nios2-terminal that opens a terminal
session with the JTAG UART core. For further details, refer to the Nios II Software
Developer's Handbook and Nios II IDE online help.

For Nios V processor, you can use the JTAG UART core to launch the command-line
utility called juart-terminal. For further details, refer to the Rocketboards.org.

Related Information

Nios II Software Developer's Handbook

12.4.4. Register Map

Programmers using the HAL API never access the JTAG UART core directly via its
registers. In general, the register map is only useful to programmers writing a device
driver for the core.

Note: The Intel-provided HAL device driver accesses the device registers directly. If you are
writing a device driver, and the HAL driver is active for the same device, your driver
will conflict and fail to operate.
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The table below shows the register map for the JTAG UART core. Device drivers
control and communicate with the core through the two, 32-bit memory-mapped
registers.

Table 102. JTAG UART Core Register Map

Offse
t

Regis
ter

Name

R/
W

Bit Description

31 .. 16 15 14 .. 11 10 9 8 7 .. 2 1 0

0 data RW RAVAIL RVA
LID

Reserved DATA

1 cont
rol

RW WSPACE Reserved AC WI RI Reserved WE RE

Note: Reserved fields—Read values are undefined. Write zero.

12.4.4.1. Data Register

Embedded software accesses the read and write FIFOs via the data register. The table
below describes the function of each bit.

Table 103. data Register Bits

Bit(s) Name Access Description

[7:0] DATA R/W The value to transfer to/from the JTAG core. When writing, the
DATA field holds a character to be written to the write FIFO. When
reading, the DATA field holds a character read from the read FIFO.

[15] RVALID R Indicates whether the DATA field is valid. If RVALID=1, the DATA
field is valid, otherwise DATA is undefined.

[32:16] RAVAIL R The number of characters remaining in the read FIFO (after the
current read).

A read from the data register returns the first character from the FIFO (if one is
available) in the DATA field. Reading also returns information about the number of
characters remaining in the FIFO in the RAVAIL field. A write to the data register
stores the value of the DATA field in the write FIFO. If the write FIFO is full, the
character is lost.

12.4.4.2. Control Register

Embedded software controls the JTAG UART core's interrupt generation and reads
status information via the control register. The Control Register Bits table below
describes the function of each bit.

Table 104. Control Register Bits

Bit(s) Name Access Description

0 RE R/W Interrupt-enable bit for read interrupts.

1 WE R/W Interrupt-enable bit for write interrupts.

8 RI R Indicates that the read interrupt is pending.

continued...   
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Bit(s) Name Access Description

9 WI R Indicates that the write interrupt is pending.

10 AC R/C Indicates that there has been JTAG activity since the bit was
cleared. Writing 1 to AC clears it to 0.

[32:16] WSPACE R The number of spaces available in the write FIFO.

A read from the control register returns the status of the read and write FIFOs.
Writes to the register can be used to enable/disable interrupts, or clear the AC bit.

The RE and WE bits enable interrupts for the read and write FIFOs, respectively. The
WI and RI bits indicate the status of the interrupt sources, qualified by the values of
the interrupt enable bits (WE and RE). Embedded software can examine RI and WI to
determine the condition that generated the IRQ. See the Interrupt Behavior section
for further details.

The AC bit indicates that an application on the host PC has polled the JTAG UART core
via the JTAG interface. Once set, the AC bit remains set until it is explicitly cleared via
the Avalon interface. Writing 1 to AC clears it. Embedded software can examine the AC
bit to determine if a connection exists to a host PC. If no connection exists, the
software may choose to ignore the JTAG data stream. When the host PC has no data
to transfer, it can choose to poll the JTAG UART core as infrequently as once per
second. Delays caused by other host software using the JTAG download cable could
cause delays of up to 10 seconds between polls.

12.4.5. Interrupt Behavior

The JTAG UART core generates an interrupt when either of the individual interrupt
conditions is pending and enabled.

Interrupt behavior is of interest to device driver programmers concerned with the
bandwidth performance to the host PC. Example designs and the JTAG terminal
program provided with Nios II Embedded Design Suite (EDS) are pre-configured with
optimal interrupt behavior.

The JTAG UART core has two kinds of interrupts: write interrupts and read interrupts.
The WE and RE bits in the control register enable/disable the interrupts.

The core can assert a write interrupt whenever the write FIFO is nearly empty. The
nearly empty threshold, write_threshold, is specified at system generation time
and cannot be changed by embedded software. The write interrupt condition is set
whenever there are write_threshold or fewer characters in the write FIFO. It is
cleared by writing characters to fill the write FIFO beyond the write_threshold.
Embedded software should only enable write interrupts after filling the write FIFO. If it
has no characters remaining to send, embedded software should disable the write
interrupt.

The core can assert a read interrupt whenever the read FIFO is nearly full. The
nearly full threshold value, read_threshold, is specified at system generation time
and cannot be changed by embedded software. The read interrupt condition is set
whenever the read FIFO has read_threshold or fewer spaces remaining. The read
interrupt condition is also set if there is at least one character in the read FIFO and no
more characters are expected. The read interrupt is cleared by reading characters
from the read FIFO.
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For optimum performance, the interrupt thresholds should match the interrupt
response time of the embedded software. For example, with a 10-MHz JTAG clock, a
new character is provided (or consumed) by the host PC every 1 µs. With a threshold
of 8, the interrupt response time must be less than 8 µs. If the interrupt response
time is too long, performance suffers. If it is too short, interrupts occurs too often.

For Nios II and Nios V processors systems, read and write thresholds of 8 are an
appropriate default.

12.5. JTAG UART Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
• Core Overview
• Avalon Agent Interface and Registers
• Software Programming Model
• HAL System Library Support
• Accessing the JTAG UART Core via a Host PC
• Added a Note in Core Overview indicating that JTAG UART is not

supported in a Partial Reconfiguration region.

2018.05.07 18.0 • Removed the following sections:
— Simulation Settings
— Hardware Simulation Considerations

• Implemented editorial enhancements.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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13. Intel FPGA Avalon Mailbox Core

13.1. Core Overview

In a multiprocessor design, each processor may be dedicated to perform a specific
task. Communication between processors becomes crucial if the tasks of each
individual processor are interdependent. Communication between processors may
involve data passing or task control coordination to accomplish certain functions.

The Intel FPGA Avalon Mailbox component provides the medium of communication
between processors. It provides a “message” passing location between the sending
processor and receiving processor. The receiving processor is notified upon a message
arrival. The notification can be in the form of an interrupt issuing to the receiving
processor or it can continue polling for new messages by the receiving processor.

If more than two processors require “message” passing, multiple Mailboxes can be
instantiated between the two processors. Each Intel FPGA Avalon Mailbox corresponds
to one direction message passing.

13.2. Functional Description

Intel FPGA Avalon Mailbox provides two 32-bit registers for message passing between
processors, Command register (0x0) and Pointer register (0x1). The message sender
processor and message receiver processor have individual Avalon Memory Mapped
(Avalon-MM) interfaces to a Mailbox component. A write to the command register by
the sender processor indicates a pending message in the Mailbox and an interrupt will
be issued to the receiver processor. Upon retrieval of the message by the receiver
processor via a read transaction, the message is consumed, Mailbox is empty. The
status register (0x2) is used to indicate if the Mailbox is full or empty.

The Mailbox Avalon-MM interface which receives messages, or identified as sender
interface, will back pressure the sender if there is message pending in the Mailbox.
This will ensure every single message passed into the Mailbox is not overwritten. Upon
message arrival, the receiving processor will then receive a level interrupt by the
Mailbox. The interrupt will hold high until the single message is retrieved from the
Mailbox via the Avalon-MM interface of receiving processor.

In addition, the Interrupt Masking Register (0x3) is writable by the Avalon-MM
interface to mask its dedicated interrupt output. For example, receiver interface will be
able to set the mask bit to mask off the message pending interrupt generated by
Mailbox. Meanwhile, sender interface will be able to set the mask bit to mask off the
message space interrupt output.
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Figure 42. Intel FPGA Avalon Mailbox (simple) Block Diagram
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The Mailbox is clocked with single source. Both of the Avalon-MM Agent interfaces
have its individual function to set and clear the Full bit and Message Pending bit. The
Avalon-MM Agent of the sender processor will only set the status bits, while the
Avalon-MM Agent of the receiver processor only clears the status bit.

An interrupt is derived from the Status register bits. It will remain high until the
message in the Mailbox is read.

13.2.1. Message Sending and Retrieval Process

The following are steps needed to send and receive messages through the Intel FPGA
Avalon Mailbox (simple) component:

1. A process or host that intends to send a message will write to the Mailbox’s
Pointer register at address offset 0x1, then only to the Command register at
address offset 0x0. Writing to the Command register indicates the completion of a
message passing into the Mailbox.

2. When there is a message pending in the Mailbox, a level interrupt signal is issued
to the processor that should receive the message. Optionally, the receiver
processor may choose to poll the Status register at address offset 0x2 to
determine if any message has arrived, if the interrupt signal is not used.

3. The process or host that needs to receive the message reads the Mailbox’s Pointer
register and then the Command register through the connected Avalon-MM
interface. Upon reading of Command register, the message is considered
delivered, and the Mailbox is empty.

13.2.2. Component Register Map

The following table illustrates the Mailbox registers map that is observed by each
processor from its Avalon-MM interfaces.

Table 105. Mailbox Register Map

Word Address Offset Register/ Queue
Name Width

Attribute

Sender Receiver

0x0 Command register 32-bit R/W RO

0x1 Pointer register 32-bit R/W RO

0x2 Status register 32-bit RO RO

0x3
Interrupt Masking

register 32-bit R R

continued...   
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Word Address Offset Register/ Queue
Name Width

Attribute

Sender Receiver

Sender can only write
to Message Space
Interrupt Mask bit.

Receiver can only
write to Message

Pending Interrupt bit.

13.2.2.1. Command Register

The Command register is a 32-bit register which contains a user defined command to
be passed between processors. This register is read-writeable via Avalon-MM Agent
(sender). However it is only readable by the Avalon-MM Agent (receiver) interface.

13.2.2.2. Pointer Register

Instead of passing huge data via the Mailbox, a Pointer register is introduced. The
Pointer register contains the 32-bit address to the payload of the message. A payload
could be the raw data to be passed to the receiving processor for further processing.
However, a message could contain zero payload or data for processing. A write to the
Pointer may not be necessary for a message passing.

This register is read-writeable via Avalon-MM Agent (sender). However it is only
readable by Avalon-MM Agent (receiver) interface.

13.2.2.3. Status Register

The Status register presents the full or empty status of the Mailbox. As the Mailbox
can only contain one message at a time, the full bit status also indicates if there is
message pending in the Mailbox. This register is read only by both Avalon-MM Agent
interfaces.

Table 106. status Register Field

Bit Fields

31 ... ... ... ... ... 2 1 0

Reserved Mailbox full Message
pending

Table 107. Mailbox status Register Descriptions

Field Name Description Reset Value

Message pending Value ‘0’ indicates the Mailbox has no
message. Value ‘1’ indicates the
Mailbox has message pending for
retrieval.

0

Mailbox full Value ‘1’ indicates the Mailbox is full.
Value ‘0’ indicates Mailbox has space
for incoming message.

0

Reserved - 0

13.2.2.4. Interrupt Masking Register

The Interrupt Masking Register provides a masking bit to the Message Pending
Interrupt and Message Space Interrupt. This register is accessible by both the sender
and receiver of the Avalon-MM Agent interface. However, the editable bit is only
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applicable for its corresponded interrupt. This means the sender Avalon-MM Agent can
only modify the masking bit of Message Space Interrupt, whereas receiver Avalon-MM
Agent can only modify the masking bit of Message Pending Interrupt. Read access of
the whole register is available to both Avalon-MM Agent Interfaces.

Table 108. Interrupt Masking Register Field

Bit Fields

31 ... ... ... ... ... 2 1 0

Reserved Message
space mask

Message
pending mask

Table 109. Interrupt Masking Register Descriptions

Field Name Description Reset Value

Message pending mask Value ‘0’ to mask off the Message
Pending Interrupt output. Value ‘1’
enable Message Pending Interrupt
upon triggered.

0

Mailbox space mask Value ‘0’ to mask off the Message
Space Interrupt output. Value ‘1’
enable Message Space Interrupt upon
triggered.

0

Reserved - 0

13.3. Interface

13.3.1. Component Interface

Intel FPGA Avalon Mailbox (simple) component consists of two Avalon-MM Agent
interfaces, one dedicated for each processor. The Mailbox also provides active high
level interrupt output, which is served as message arrival notification to the receiving
processor. Optionally, a secondary IRQ is created as notification to the message
sender indicating if Mailbox is available for incoming message.

Intel FPGA Avalon Mailbox (simple) has only one clock domain with one associated
reset interface. Requirement of different clock domains between two processors is
handled through the Platform Designer fabric. The following table describes the
interfaces behavior of the component.

Table 110. Component Interface Behavior

Interface Port Description Details

Avalon MM Agent (sender) Avalon-MM Agent interface for
processor of message sender.

This interface apply wait request signal
for back pressuring the Avalon-MM
Host if Mailbox is already full.

Avalon MM Agent (receiver) Avalon-MM Agent interface for
processor of message receiver.

This interface only has read capability
with readWaitTime=1.

Clock Clock input of component. It supports maximum frequency up to
400MHz on Cyclone IV and 600MHz in
StratixIV devices.

continued...   
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Interface Port Description Details

Reset_n Active LOW reset input/s. Support asynchronous reset assertion.
De-assertion of reset has to be
synchronized to the input clock.

IRQ_msg Message Pending Interrupt output to
processor of message receiver upon
message arrival. The signal will remain
high until the message is retrieved.

Interrupt assertion and deassertion is
synchronized to input clock.

IRQ_space Message Space Interrupt output to
processor of message sender whenever
Mailbox has space for incoming
message. The signal will assert high as
long as the Mailbox is yet full.

Interrupt assertion and deassertion is
synchronized to input clock. The
connection of this interrupt port to the
top level is depends on configuration
parameter of MSG_SPACE_NOTIFY.

13.3.2. Component Parameterization

Table 111. Intel FPGA Avalon Mailbox (simple) TCL Component Configuration
Parameters

Parameter Name Description Default Value Allowable Range

MSG_SPACE_NOTIFY Boolean ‘true’ enables interrupt output
to message sending processor for
indicating available space for incoming
message

0 0, 1

MSG_ARRIVAL_NOTIFY Boolean ‘true’ enables interrupt output
to message receiver processor for
indicating a message is pending for
retrieval.

1 0, 1
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13.4. HAL Driver

This section describes the HAL driver for Intel FPGA Avalon Mailbox (simple) soft IP
core. Intel FPGA Avalon Mailbox (simple) component provides a medium of
communication between processors. It provides a message passing path between the
sending processor and receiving processor. The receiver processor is notified through
an interrupt upon message arrival or the driver will poll the status register if in polling
mode. Intel FPGA Avalon Mailbox (simple) provides three 32-bit registers for message
passing between processors, Command (0x0), Pointer (0x4), and Status register
(0x8).

The driver code is located at:

/acds/main/ip/altera/altera_avalon_mailbox/hal/src/
altera_avalon_mailbox_simple.c

/acds/main/ip/altera/altera_avalon_mailbox/hal/inc/
altera_avalon_mailbox_simple.h

/acds/main/ip/altera/altera_avalon_mailbox/inc/
altera_avalon_mailbox_simple_regs.h

/acds/main/ip/altera/altera_avalon_mailbox/
altera_avalon_mailbox_simple_sw.tcl

13.4.1. Feature Description

The Mailbox driver message delivery depends on how the Platform Designer design of
the sender processor, receiver processor and Mailbox are interconnected. The Mailbox
driver provides the features to send message to target processor and retrieve
message for the receiver processor. The driver include an interrupt service routine
when interrupt mode is used.

13.4.1.1. Component Configuration

13.4.1.1.1. Interrupt Mode

The figure below is an example of a design using the Intel FPGA Avalon Mailbox
(simple) in interrupt mode. The sender CPU(1) will initiate a transfer of the message
to the receiver CPU(2) by writing the command data to the Command register through
Mailbox 1. The Command register will send a message pending interrupt to the
receiver. The message pending interrupt is connected to the receiver CPU(2)'s IRQ to
notify that a message has arrived. Once the Command register in Mailbox 1 is read,
the message pending interrupt is cleared and the message is processed. On the
sender CPU(1) side, once the message is read, a message sender interrupt will be
flagged signaling that Mailbox 1 is free to transmit another message.
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Figure 43. Example of a Bi-Directional Intel FPGA Avalon Mailbox System Using
Interrupt Mode
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13.4.1.1.2. Polling Mode

In the case of polling mode, you will always check on the Mailbox Status register if a
message has arrived or free to send. Driver API functions include a timeout parameter,
which allows you to specify whether a read or send operation must be completed
within a certain period of time.

13.4.1.2. Driver Implementation

An opened Mailbox instance will register a sender/receiver interrupt service routine
(ISR), if interrupts are supported with sender/receiver callbacks. When a Mailbox
interrupt is disabled, an ISR will not register and polling mode will need to be used.
You must close the Mailbox driver when it is unused.

Table 112. Mailbox APIs

Function Name Description

altera_avalon_mailbox_send Send message to Mailbox

altera_avalon_mailbox_status Query current state of Mailbox

altera_avalon_mailbox_retrieve_poll Read from Mailbox pointer register to retrieve messages

altera_avalon_mailbox_open Claims a handle to a Mailbox, enabling all the other
functions to access the Mailbox core

altera_avalon_mailbox_close Close the handle to a Mailbox

Table 113. altera_avalon_mailbox_open

Prototype: altera_avalon_mailbox_dev* altera_avalon_mailbox_open (const char* name, altera_mailbox_tx_cb
tx_callback, altera_mailbox_rx_cb rx_callback)

Include: <altera_avalon_mailbox_simple.h>

Parameters: Name — The Mailbox device name to open.
tx_callback – User to provide callback function to notify when a sending message is completed.
rx_callback – User to provide callback function to notify when a receive a message.

Returns: Pointer to mailbox

Description: altera_avalon_mailbox_open() find and register the Mailbox device pointer. This function also
registers the interrupt handler and user callback function for a interrupt enabled Mailbox.
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Table 114. altera_avalon_mailbox_close

Prototype: void altera_avalon_mailbox_close (altera_avalon_mailbox_dev* dev);

Include: <altera_avalon_mailbox_simple.h>

Parameters: dev—The Mailbox to close.

Returns: Null

Description: alt_avalon_mailbox_close() closes the mailbox de-registering interrupt handler and callback
functions and masking Mailbox interrupt.

Table 115. altera_avalon_mailbox_send

Prototype: int altera_avalon_mailbox_send (altera_avalon_mailbox_dev* dev, void* message, int timeout,
EventType event)

Include: <altera_avalon_mailbox_simple.h>

Parameters: *message – Pointer to message command and pointer structure.
Timeout – Specifies number of loops before sending a message. Give a ‘0’ value to wait until the
message is transferred.
EventType – set ‘POLL’ or ‘ISR’.

Returns: Return 0 on success and 1 for fail.

Description: altera_avalon_mailbox_send () sends a message to the mailbox. This is a blocking function when the
sender interrupt is disabled.
This function is in non-blocking when interrupt is enabled.

Table 116. altera_avalon_mailbox_retrieve_poll

Prototype: int altera_avalon_mailbox_retrieve_poll (altera_avalon_mailbox_dev* dev,alt_u32* msg_ptr, alt_u32
timeout)

Include: <altera_avalon_mailbox_simple.h>

Parameters: dev - The Mailbox device to read message from.
timeout – Specifies number loops before sending a message. Give a ‘0’ value to wait until a message
is retrieved.
msg_ptr – A pointer to an array of two Dwords which are for the command and message pointer.
This pointer will be populated with a receive message if successful or NULL if error.

Returns: Return pointer to message and command. Return ‘NULL’ in messages if timeout. This is a blocking
function.

Description: altera_avalon_mailbox_retrieve_poll () reads a message pointer and command to Mailbox structure
from the Mailbox and notifies through callback.

Table 117. altera_avalon_mailbox_status

Prototype: alt_u32 altera_avalon_mailbox_status (altera_avalon_mailbox_dev* dev)

Include: <altera_avalon_mailbox_simple.h>

Parameters: dev -The Mailbox device to read status from

Returns: For a receiving Mailbox:
- 0 for no message pending
- 1 for message pending
For a sending Mailbox:
- 0 for Mailbox empty (ready to send)
- 1 for Mailbox full (not ready to send)

Description: Indicates to sender Mailbox it is full or empty for transfer.
Indicates to receiver Mailbox has a message pending or not.
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Example 6. Device structure

// Callback routine type definition
typedef void(*altera_mailbox_rx_cb)(void *message);
typedefvoid (*altera_mailbox_tx_cb)(void *message,int status);

typedef enum mbox_type { MBOX_TX = 0,MBOX_RX } MboxType;
typedef enum event_type { ISR = 0, POLL } EventType;

typedef struct altera_avalon_mailbox_dev
{    
    alt_dev                 dev;                  
    /* Device linke-list entry */
    
    alt_u32                 base;                 
    /* Base address of Mailbox */
    
    alt_u32                 mailbox_irq;          
    /* Mailbox IRQ */
    
    alt_u32                 mailbox_intr_ctrl_id; 
    /* Mailbox IRQ ID */  
  
    altera_mailbox_tx_cb    tx_cb;                
    /* Callback routine pointer */ 
   
    altera_mailbox_rx_cb    rx_cb;                
    /* Callback routine pointer */   
 
    MboxType                mbox_type;            
    /* Mailbox direction */  
  
    alt_u32*                mbox_msg;             
    /* a pointer to message array to be received or sent */
    
    alt_u8                  lock;                 
    /* Token to indicate mbox_msg already taken */ 
   
    ALT_SEM                 (write_lock)          
    /* Semaphore used to control access to the write in multi-threaded mode */
} 
altera_avalon_mailbox_dev;

13.4.1.3. Driver Examples

The figure below demonstrates writing to a Mailbox. For this example, assume that the
hardware system has two processors communicating via Mailboxes. The system
includes two Mailbox cores, which provides two-way communication between the
processors.

Example 7. Sender Processor Using Mailbox to Send a Message.

#include <stdio.h>
#include "altera_avalon_mailbox_simple.h"
#include "altera_avalon_mailbox_simple_regs.h"
#include "system.h"

/* example callback function from users*/
void tx_cb (void* report, int status) {  
    if (!status) {    
       printf (“Transfer done”);  
    } else {    
       printf (“error in transfer”);  
    }

int main_sender()
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{
alt_u32 message[2] = {0x00001111, 0xaa55aa55};
int timeout     = 50000;
alt_u32 status;
alt_avalon_mailbox_simple_dev* mailbox_sender; 

/* Open mailbox on sender processor */
mailbox_sender = alt_avalon_mailbox_open("/dev/mailbox_simple_0", tx_cb, 
NULL);   

    if (!mailbox_sender){        
        printf ("FAIL: Unable to open mailbox_simple");         
        return 1;    
        } 

    /* Send a message to the other processor using interrupt */
    altera_avalon_mailbox_send (mailbox_sender, message, 0, ISR);

    /* Using polling method to send a message, with infinite timeout */  
        timeout = 0;  
        status = altera_avalon_mailbox_send (mailbox_sender, message, timeout, 
POLL);

        if (status) {    
            printf (“error in transfer”);  
        } else {    
            printf (“Transfer done”);  
        }

    /* Closing mailbox device and de-registering interrupt handler and callback 
*/  
    altera_avalon_mailbox_close (mailbox_sender);  
    return 0;
    }

Example 8. Receiver Processor Waiting for Message.

#include <stdio.h>
#include "altera_avalon_mailbox_simple.h"
#include "altera_avalon_mailbox_simple_regs.h"
#include "system.h"

void rx_cb (void* message) {  
    /* Get message read from mailbox */  
    alt_u32* data = alt_u32* message;  
    if (message!= NULL) {    
        printf (“Message received”);  
    } else {    
      printf (“Incomplete receive”);  
    }

int main_receiver()
{
alt_u32* message[2];
int timeout     = 50000;
alt_avalon_mailbox_simple_dev* mailbox_rcv;

    /* This example is running on receiver processor */  
    mailbox_rcv = alt_avalon_mailbox_open("/dev/mailbox_simple_1", NULL, 
rx_cb);  
    if (!mailbox_rcv){    
        printf ("FAIL: Unable to open mailbox_simple");    
        return 1;  
    } 

    /* For interrupt disable system */  
    altera_avalon_mailbox_retrieve_poll (mailbox_rcv,message, timeout)  
    
    if (message == NULL)
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    printf (“Receive Error”); 
    else 
    printf (“Message received with Command 0x%x and Message 0x%x\n”, 
message[0], message[1]);  
    

altera_avalon_mailbox_close (mailbox_rcv);
return 0;
}

13.5. Intel FPGA Avalon Mailbox Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 • Added register width in Table: Mailbox Register Map.
• Corrected code location in HAL Driver.

Date Version Changes

November 2015 2015.11.06 Added HAL Driver section.

June 2015 2015.06.12 Initial release.
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14. Intel FPGA Avalon Mutex Core

14.1. Core Overview

Multiprocessor environments can use the mutex core with Avalon interface to
coordinate accesses to a shared resource. The mutex core provides a protocol to
ensure mutually exclusive ownership of a shared resource.

The mutex core provides a hardware-based atomic test-and-set operation, allowing
software in a multiprocessor environment to determine which processor owns the
mutex. The mutex core can be used in conjunction with shared memory to implement
additional interprocessor coordination features, such as mailboxes and software
mutexes.

The mutex core is designed for use in Avalon-based processor systems, such as a Nios
II processor system. Intel provides device drivers for the Nios II processor to enable
use of the hardware mutex.

14.2. Functional Description

The mutex core has a simple Avalon Memory-Mapped (Avalon-MM) agent interface
that provides access to two memory-mapped, 32-bit registers.

Table 118. Mutex Core Register Map

Offset Register Name R/W Bit Description

31 16 15 1 0

0 mutex RW OWNER VALUE

1 reset RW Reserved RESET
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The mutex core has the following basic behavior. This description assumes there are
multiple processors accessing a single mutex core, and each processor has a unique
identifier (ID).

• When the VALUE field is 0x0000, the mutex is unlocked and available. Otherwise,
the mutex is locked and unavailable.

• The mutex register is always readable. Avalon-MM host peripherals, such as a
processor, can read the mutex register to determine its current state.

• The mutex register is writable only under specific conditions. A write operation
changes the mutex register only if one or both of the following conditions are
true:

— The VALUE field of the mutex register is zero.

— The OWNER field of the mutex register matches the OWNER field in the data to
be written.

• A processor attempts to acquire the mutex by writing its ID to the OWNER field,
and writing a non-zero value to the VALUE field. The processor then checks if the
acquisition succeeded by verifying the OWNER field.

• After system reset, the RESET bit in the reset register is high. Writing a one to
this bit clears it.

14.3. Configuration

The MegaWizard™ Interface provides the following options:

• Initial Value—the initial contents of the VALUE field after reset. If the Initial
Value setting is non-zero, you must also specify Initial Owner.

• Initial Owner—the initial contents of the OWNER field after reset. When Initial
Owner is specified, this owner must release the mutex before it can be acquired
by another owner.

14.4. Software Programming Model

The following sections describe the software programming model for the mutex core.
For Nios II processor users, Intel provides routines to access the mutex core
hardware. These functions are specific to the mutex core and directly manipulate low-
level hardware. The mutex core cannot be accessed via the HAL API or the ANSI C
standard library. In Nios II processor systems, a processor locks the mutex by writing
the value of its cpuid control register to the OWNER field of the mutex register.

14.4.1. Software Files

Intel provides the following software files accompanying the mutex core:

• altera_avalon_mutex_regs.h—Defines the core's register map, providing
symbolic constants to access the low-level hardware.

• altera_avalon_mutex.h—Defines data structures and functions to access the
mutex core hardware.

• altera_avalon_mutex.c—Contains the implementations of the functions to
access the mutex core
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14.4.2. Hardware Access Routines

This section describes the low-level software constructs for manipulating the mutex
core. The file altera_avalon_mutex.h declares a structure alt_mutex_dev that
represents an instance of a mutex device. It also declares routines for accessing the
mutex hardware structure, listed in the table below.

Table 119. Hardware Access Routines

Function Name Description

altera_avalon_mutex_open() Claims a handle to a mutex, enabling all the other functions
to access the mutex core.

altera_avalon_mutex_trylock() Tries to lock the mutex. Returns immediately if it fails to
lock the mutex.

altera_avalon_mutex_lock() Locks the mutex. Will not return until it has successfully
claimed the mutex.

altera_avalon_mutex_unlock() Unlocks the mutex.

altera_avalon_mutex_is_mine() Determines if this CPU owns the mutex.

altera_avalon_mutex_first_lock() Tests whether the mutex has been released since reset.

These routines coordinate access to the software mutex structure using a hardware
mutex core. For a complete description of each function, see section the Mutex API
section.

The code shown in below demonstrates opening a mutex device handle and locking a
mutex.

#include <altera_avalon_mutex.h>

/* get the mutex device handle */
alt_mutex_dev* mutex = altera_avalon_mutex_open( “/dev/mutex” );

/* acquire the mutex, setting the value to one */
altera_avalon_mutex_lock( mutex, 1 );

/*
 * Access a shared resource here.
 */

/* release the lock */

altera_avalon_mutex_unlock( mutex );

14.5. Mutex API

This section describes the application programming interface (API) for the mutex core.

14.5.1. altera_avalon_mutex_is_mine()

Prototype: int altera_avalon_mutex_is_mine(alt_mutex_dev* dev)

Thread-safe: Yes.

continued...   
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Available from ISR: No.

Include: <altera_avalon_mutex.h>

Parameters: dev—the mutex device to test.

Returns: Returns non zero if the mutex is owned by this CPU.

Description: altera_avalon_mutex_is_mine() determines if this CPU owns the mutex.

14.5.2. altera_avalon_mutex_first_lock()

Prototype: int altera_avalon_mutex_first_lock(alt_mutex_dev* dev)

Thread-safe: Yes.

Available from ISR: No.

Include: <altera_avalon_mutex.h>

Parameters: dev—the mutex device to test.

Returns: Returns 1 if this mutex has not been released since reset, otherwise returns 0.

Description: altera_avalon_mutex_first_lock() determines whether this mutex has been released since
reset.

14.5.3. altera_avalon_mutex_lock()

Prototype: void altera_avalon_mutex_lock(alt_mutex_dev* dev, alt_u32 value)

Thread-safe: Yes.

Available from ISR: No.

Include: <altera_avalon_mutex.h>

Parameters: dev—the mutex device to acquire.
value—the new value to write to the mutex.

Returns: —

Description: altera_avalon_mutex_lock() is a blocking routine that acquires a hardware mutex, and at the
same time, loads the mutex with the value parameter.

14.5.4. altera_avalon_mutex_open()

Prototype: alt_mutex_dev* alt_hardware_mutex_open(const char* name)

Thread-safe: Yes.

Available from ISR: No.

Include: <altera_avalon_mutex.h>

Parameters: name—the name of the mutex device to open.

Returns: A pointer to the mutex device structure associated with the supplied name, or NULL if no
corresponding mutex device structure was found.

Description: altera_avalon_mutex_open() retrieves a pointer to a hardware mutex device structure.
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14.5.5. altera_avalon_mutex_trylock()

Prototype: int altera_avalon_mutex_trylock(alt_mutex_dev* dev, alt_u32 value)

Thread-safe: Yes.

Available from ISR: No.

Include: <altera_avalon_mutex.h>

Parameters: dev—the mutex device to lock.
value—the new value to write to the mutex.

Returns: 0 = The mutex was successfully locked.
Others = The mutex was not locked.

Description: altera_avalon_mutex_trylock() tries once to lock the hardware mutex, and returns immediately.

14.5.6. altera_avalon_mutex_unlock()

Prototype: void altera_avalon_mutex_unlock(alt_mutex_dev* dev)

Thread-safe: Yes.

Available from ISR: No.

Include: <altera_avalon_mutex.h>

Parameters: dev—the mutex device to unlock.

Returns: Null.

Description: altera_avalon_mutex_unlock() releases a hardware mutex device. Upon release, the value
stored in the mutex is set to zero. If the caller does not hold the mutex, the behavior of this function is
undefined.

14.6. Intel FPGA Avalon Mutex Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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15. Intel FPGA Avalon I2C (Host) Core

15.1. Core Overview

The Intel FPGA Avalon I2C (Host) core (altera_avalon_i2c ) is an IP which implements
the I2C protocol. It supports only host mode with a bit-rate up to 400 kbits/s (fast
mode) and it can also operate in a multi-host system. It has an Avalon Memory-
Mapped (Avalon-MM) agent interface for a host processor to access its control, status,
command and data FIFO. Command and data FIFO can be configured to be accessible
by either the Avalon-MM or Avalon Streaming (Avalon-ST). On the serial interface
side, it provides two data and clock lines to communicate to remote I2C devices.

Note: This IP core supports Intel eASIC N5X devices.

15.2. Feature Description

15.2.1. Supported Features

• Supports I2C host mode

• Supports I2C standard mode (100 kbits/s) and fast mode (400 kbits/s)

• Supports multi-host operation

• Supports 7 bit or 10 bit addressing

• Supports START, repeated START and STOP generation

• Run time programmable SCL low and high period

• Interrupt or polled-mode of operation

• Avalon-MM agent interface for CSR registers access

• Avalon-MM or Avalon-ST for command and receive data FIFO access

15.2.2. Unsupported Features

I2C agent mode is not supported at the moment. Refer to Intel FPGA I2C Agent to
Avalon MM Host Bridge IP for an I2C agent solution.

Related Information

Intel FPGA I2C Agent to Avalon-MM Host Bridge Core on page 199

15.3. Configuration Parameters

Configure the following parameters through Platform Designer.
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Table 120. Platform Designer Parameters

Parameter Legal Values Default
Values

Description

Interface for transfer
command FIFO and receive
data FIFO accesses

0 or 1 0 0: Avalon-MM interface access command and
receive data FIFO
1: Avalon-ST interface access command and
receive data FIFO

Depth of FIFO 4, 8, 16, 32, 64, 128,
256

4 Specify the Sizes of both the transfer command
FIFO and the receive data FIFO

15.4. Interface

Figure 44. Intel FPGA Avalon I2C (Host) Core

clock/reset

Avalon-MM Agent

Avalon-ST Source

Avalon-ST Sink

Serial Interface

Interrupt

Avalon 
I2C Core

Table 121. Intel FPGA Avalon I2C (Host) Core Signals

Signal Width Direction Description

Clock/Reset

clk 1 Input System clock source, Minimum clock frequency is 10 MHz.

rst_n 1 Input System asynchronous reset source,
Note: This signal is asynchronously asserted and synchronously

de-asserted. The synchronous de-assertion must be
provided externally to this peripheral.

Avalon-MM Agent

addr 4 Input Avalon-MM address bus.
The address bus is in the unit of word addressing. For example,
addr[2:0] = 0x0 is targeting the first word of the cores memory
map space and addr[2:0] = 0x1 is targeting the second word.

read 1 Input Avalon-MM read control

write 1 Input Avalon-MM write control

readdata 32 Output Avalon-MM read data bus

writedata 32 Input Avalon-MM write data bus

Avalon-ST Source (20)

src_data 8 Output I2C data from receive data FIFO (RX_DATA)

src_valid 1 Output Indicates src_data bus is valid

src_ready 1 Input Indication from sink port that it is ready to consume src_data

Avalon-ST Sink(20)

continued...   
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Signal Width Direction Description

snk_data 10 Input 10-bit value driven by source port to transfer command FIFO
(TFR_CMD)

snk_valid 1 Input Indication from source port that snk_data is valid

snk_ready 1 Output Indication from sink port that it is ready to consume snk_data

Serial Interface

scl_oe 1 Output Output enable for open drain buffer that drives SCL pin
1: SCL line pulled low
0: Open drain buffer is tri-stated and SCL line is externally pulled
high

sda_oe 1 Output Output enable for open drain buffer that drives SDA pin
1: SDA line pulled low
0: Open drain buffer is tri-stated and SDA line is externally
pulled high

scl_in 1 Input Input path of I2C’s open drain buffer

sda_in 1 Input It is from input path of I2C’s open drain buffer

Interrupt

intr 1 Output Active high level interrupt output to host processor

15.5. Registers

15.5.1. Register Memory Map

Note: Each address offset represent 1 word of memory address space.

Table 122. Register Memory Map

Name Address offset Description

TFR_CMD 0x0 Transfer command FIFO

RX_DATA 0x1 Receive data FIFO

CTRL 0x2 Control register

ISER 0x3 Interrupt status enable register

ISR 0x4 Interrupt status register

STATUS 0x5 Status register

TFR_CMD_FIFO_LVL 0x6 TFR_CMD FIFO level register

RX_DATA_FIFO_LVL 0x7 RX_DATA FIFO level register

continued...   

(20) These signals are not used if “Interface for transfer command FIFO and receive data FIFO
accesses” is set to Avalon-MM Agent. This setting can be configured through Platform
Designer.
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Name Address offset Description

SCL_LOW 0x8 SCL low count register

SCL_HIGH 0x9 SCL high count register

SDA_HOLD 0xA SDA hold count register

15.5.2. Register Descriptions

15.5.2.1. Transfer Command FIFO (TFR_CMD)

Table 123. Transfer Command FIFO (TFR_CMD)

Bit Fields Access Default
Value

Description

31:10 Reserved N/A 0x0 Reserved

9 STA W N/A 1: Requests a repeated START condition to
be generated before current byte transfer

8 STO W N/A 1: Requests a STOP condition to be
generated after current byte transfer

7:1 AD W N/A When in address phase, these fields act as
address bits
When in data phase with the core is
configured as a host transmitter, these fields
represent I2C data bit [7:1] of the data byte
to be transmitted by the core.
When in data phase and the core acts as
host receiver, this field is not used

0 RW_D W N/A When transfer is in address phase, this field
is used to specify the direction of I2C
transfer
0: Specifies I2C write transfer request
1: Specifies I2C read transfer request
When transfer is in data phase with core is
configured as a host transmitter, this field
represents I2C data bit 0 of the data byte to
be transmitted by the core.
When transfer is in data phase and the core
acts as host receiver, this field is not used

15.5.2.2. Receive Data FIFO (RX_DATA)

Table 124. Receive Data FIFO (RX_DATA)

Bit Fields Access Default
Value

Description

31:8 Reserved N/A 0x0 Reserved

7:0 RXDATA R N/A Byte received from I2C transfer
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15.5.2.3. Control Register (CTRL)

Bit Fields Access Default
Value

Description

31:6 Reserved N/A 0x0 Reserved

5:4 RX_DATA_FIFO_THD R/W 0x0 Threshold level of the receive data FIFO
Note: If the actual level is equal or more

than the threshold level, RX_READY
interrupt status bit is asserted.

0x3: RX_DATA FIFO is full
0x2: RX_DATA FIFO is ½ full
0x1: RX_DATA FIFO is ¼ full
0x0: 1 valid entry

3:2 TFR_CMD_FIFO_THD R/W 0x0 Threshold level of the transfer command
FIFO
Note: If the actual level is equal or less

than the threshold level, TX_READY
interrupt status bit is asserted.

0x3: TFR_CMD FIFO is not full (has at least
one empty entry)
0x2: TFR_CMD FIFO is ½ full
0x1: TFR_CMD FIFO is ¼ full
0x0: TFR_CMD FIFO is empty

1 BUS_SPEED R/W 0x0 Bus speed
1: Fast mode (up to 400 kbits/s)
0: Standard mode (up to 100 kbits/s)

0 EN R/W 0x0 The core enable bit
1: Core is enabled
0: Core is disabled

15.5.2.4. Interrupt Status Enable Register (ISER)

Table 125. Interrupt Status Enable Register (ISER)

Bit Fields Access Default
Value

Description

31:5 Reserved N/A 0x0 Reserved

4 RX_OVER_EN R/W 0x0 1: Enable interrupt for RX_OVER condition

3 ARBLOST_DET_EN R/W 0x0 1: Enable interrupt for ARBLOST_DET
condition

2 NACK_DET_EN R/W 0x0 1: Enable interrupt for NACK_DET condition

1 RX_READY_EN R/W 0x0 1: Enable interrupt for RX_READY condition

0 TX_READY_EN R/W 0x0 1: Enable interrupt for TX_READY condition
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15.5.2.5. Interrupt Status Register (ISR)

Table 126. Interrupt Status Register (ISR)

Bit Fields Access Default
Value

Description

31:5 Reserved N/A 0x0 Reserved

4 RX_OVER R/W1C 0x0 Receive overrun
1: Indicates receive data FIFO has overrun
condition, new data is lost.
Note: Writing 1 to this field clears the

content of the field to 0.

3 ARBLOST_DET R/W1C 0x0 Arbitration lost detected
1: Indicates core has lost the bus arbitration
Note: Writing 1 to this field clears the

content of this field to 0.

2 NACK_DET R/W1C 0x0 No acknowledgement detected
1: Indicates NACK is received by the core
Note: Writing 1 to this field clears the

content of this field to 0.

1 RX_READY R 0x0 Receive ready
1: Indicates receive data FIFO contains data
sent by the remote I2C device. This bit is
asserted when RX_DATA FIFO level is equal
or more than RX_DATA FIFO threshold.
Note: This field is automatically cleared by

the core's hardware once the receive
data FIFO level is less than RX_DATA
FIFO threshold.

0 TX_READY R 0x0 Transmit ready
1: Indicates transfer command FIFO is
ready for data transmission. This bit is
asserted when transfer command FIFO level
is equal or less than TFR_CMD FIFO
threshold.
Note: This field is automatically cleared by

the core's hardware once transfer
command FIFO level is more than
TFR_CMD FIFO threshold.

15.5.2.6. Status Register (STATUS)

Table 127. Status Register (STATUS)

Bit Fields Access Default
Value

Description

31:1 Reserved N/A 0x0 Reserved

0 CORE_STATUS R 0x0 Status of the core's state machine
1: State machine is not idle
0: State machine is idle
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15.5.2.7. TFR CMD FIFO Level (TFR CMD FIFO LVL)

Table 128. TFR CMD FIFO Level (TFR CMD FIFO LVL)

Bit Fields Access Default
Value

Description

31:
log2(FIFO_D
EPTH) + 1

Reserved N/A 0x0 Reserved

log2(FIFO_D
EPTH)
:0

LVL R 0x0 Current level of TFR_CMD FIFO

15.5.2.8. RX Data FIFO Level (RX Data FIFO LVL)

Table 129. RX Data FIFO Level (RX Data FIFO LVL)

Bit Fields Access Default
Value

Description

31:log2(FIFO
_DEPTH) + 1

Reserved N/A 0x0 Reserved

log2(FIFO_D
EPTH): 0

LVL R 0x0 Current level of RX_DATA FIFO

15.5.2.9. SCL Low Count (SCL LOW)

Table 130. SCL Low Count (SCL LOW)

Bit Fields Access Default
Value

Description

31:16 Reserved N/A 0x0 Reserved

15:0 COUNT_PERIOD R/W 0x1 Low period of SCL in terms of number of
clock cycles

15.5.2.10. SCL High Count (SCL HIGH)

Table 131. SCL High Count (SCL HIGH)

Bit Fields Access Default
Value

Description

31:16 Reserved N/A 0x0 Reserved

15:0 COUNT_PERIOD R/W 0x1 High period of SCL in term of number of
clock cycles

15.5.2.11. SDA Hold Count (SDA HOLD)

Table 132. SDA Hold Count (SDA HOLD)

Bit Fields Access Default
Value

Description

31:16 Reserved N/A 0x0 Reserved

15:0 COUNT_PERIOD R/W 0x1 Hold period of SDA in term of number of
clock cycles
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15.6. Reset and Clock Requirements

The core is a single clock domain design. The frequency of the single clock source
must be maintained throughout the run time period. This requirement is needed
because the implementation of SCL low, SCL high, and SDA hold period is based on
the frequency of the single clock source. If the frequency of the clock changes in the
middle of the run time, the initial configuration of SCL low, SCL high and SDA hold
period will be unable to produce the correct timing. On the next run, the system
reconfigures those options to ensure correct timing is produced.

The core has a single reset input which is used to reset the entire core. The single
reset input is required to be asynchronously asserted and synchronously de-asserted.
The de-assertion of the reset must be synchronous to the single input clock source of
the core. The reset synchronizer should be implemented externally.

15.7. Functional Description

15.7.1. Overview

The core implements I2C host functionality. It can generate all mandatory I2C transfer
protocol through the TFR_CMD register configuration. The core supports a joint data
streaming use-cases where the DMA core can be used for bulk transfer.

Figure 45. Intel FPGA Avalon I2C Host Core without DMA
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Figure 46. Intel FPGA Avalon I2C Host Core with DMA
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15.7.2. Configuring TFT_CMD Register Examples

15.7.2.1. 7-bit Addressing Mode

Note: Assume the agent has a 7-bit address of 0x51.

15.7.2.1.1. Host Transmitter Writes 2 Bytes to Agent Receiver

Write data1 = 0x55 and write data2 = 0x56.

Figure 47. Host Transmitter Writes 2 Bytes to Agent Receiver

 S Agent  Address W A WDATA1 A WDATA2 A P

from host to agent

from  agent  to host

A = acknowledge

N = not acknowledge

S = START condition

P = STOP condition

Sr = Repeated START condition

1. Writes TFR_CMD = 0x2A2 -> (STA = 0x1 , STOP = 0x0, AD = 0x51, RW_D = 0x0)

2. Writes TFR_CMD = 0x055 -> (STA = 0x0, STOP = 0x0, AD = 0x2A, RW_D = 0x1)

3. Writes TFR_CMD = 0x156 -> (STA = 0x0, STOP = 0x1, AD = 0x2B, RW_D = 0x0)

15.7.2.1.2. Host Receiver Reads 2 Bytes from Agent Transmitter

Read data1 = 0x55 and read data2 = 0x56.
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Figure 48. Host Receiver Reads 2 Bytes from Agent Transmitter
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1. Writes TFR_CMD = 0x2A3 -> (STA = 0x1, STOP = 0x0, AD = 0x51, RW_D = 0x1)

2. Writes TFR_CMD = 0x000 -> (STA = 0x0, STOP = 0x0, AD = 0x00, RW_D = 0x0)

3. Writes TFR_CMD = 0x100 -> (STA = 0x0, STOP = 0x1, AD = 0x00, RW_D = 0x0)

In steps 2 on page 187 and 3 on page 187, AD and RW_D fields are (don’t care) and
programmed to 0.

15.7.2.1.3. Combine Format (Host Writes 1 Byte and Changes Direction to Read 2 Bytes)

Write data1 = 0x55, read data1 = 0x56 and read data2 = 0x57.

Figure 49. Combine Format (Host Writes 1 Byte and change direction to read 2 bytes)

 S Agent Address W A WDATA1 A Sr Agent Address R A RDATA1 A RDATA2 N P

1. Writes TFR_CMD = 0x2A2 -> (STA = 0x1 , STOP = 0x0, AD = 0x51, RW_D = 0x0)

2. Writes TFR_CMD = 0x055 -> (STA = 0x0, STOP = 0x0, AD = 0x2A, RW_D = 0x1)

3. Writes TFR_CMD = 0x2A3 -> (STA = 0x1, STOP = 0x0, AD = 0x51, RW_D = 0x1)

4. Writes TFR_CMD = 0x000 -> (STA = 0x0, STOP = 0x0, AD = 0x00, RW_D = 0x0)

5. Writes TFR_CMD = 0x100 -> (STA = 0x0, STOP = 0x1, AD = 0x00, RW_D = 0x0)

15.7.2.2. 10-bit Addressing Mode

Note: Assume agent 10-bit address = 0x351.

15.7.2.2.1. Host Transmitter Writes 2 Bytes to Agent Receiver

Write data1 = 0x55 and write data2 = 0x56.

Figure 50. Host Transmitter Writes 2 Bytes to Agent Receiver

 S Agent Address 1 st  Byte W A Agent Address 2 nd  Byte A WDATA1 WDATA2 AA P

1. Writes TFR_CMD = 0x2F6 -> (STA = 0x1, STOP = 0x0, AD = 0x7B, RW_D = 0x0)

2. Writes TFR_CMD = 0x051 -> (STA = 0x0, STOP = 0x0, AD = 0x28, RW_D = 0x1)

3. Writes TFR_CMD = 0x055 -> (STA = 0x0, STOP = 0x0, AD = 0x2A, RW_D = 0x1)

4. Writes TFR_CMD = 0x156 -> (STA = 0x0, STOP = 0x1, AD = 0x2B, RW_D = 0x0)

15.7.2.2.2. Host Receiver Reads 2 Bytes from Agent Transmitter

Read data1 = 0x55 and read data2 = 0x56.

Figure 51. Host Receiver Reads 2 Bytes from Agent Transmitter

 S Agent Address 1 st  Byte W A Slave Address 2 nd  Byte A Sr Agent Address 1 st  Byte R A RDATA1 A RDATA2 N P
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1. Writes TFR_CMD = 0x2F6 -> (STA = 0x1, STOP = 0x0, AD = 0x7B, RW_D = 0x0)

2. Writes TFR_CMD = 0x051 -> (STA = 0x0, STOP = 0x0, AD = 0x28, RW_D = 0x1)

3. Writes TFR_CMD = 0x2F7 -> (STA = 0x1, STOP = 0x0, AD = 0x7B, RW_D = 0x1)

4. Writes TFR_CMD = 0x000 -> (STA = 0x0, STOP = 0x0, AD = 0x00, RW_D = 0x0)

5. Writes TFR_CMD = 0x100 -> (STA = 0x0, STOP = 0x1, AD = 0x00, RW_D = 0x0)

In steps 4 on page 188 and 5 on page 188, AD and RW_D fields are (don’t care) and
programmed to 0.

15.7.3. I2C Serial Interface Connection

The core provides four ports for I2C serial connections. For external I2C serial
connections, both sda_in and sda_oe are connected to a bidirectional open drain I2C
data line buffer. Both scl_in and scl_oe are connected to another bidirectional open
drain I2C clock line buffer. It is recommended to use the I/O IP core to generate the
bidirectional open drain buffer. You can then instantiates the generated buffer
primitives from the IP core into their system top level design file.

Figure 52. I2C Serial Interface Connection

 

Vdd

External pull 
up resistor

Vdd

External pull 
up resistor

i2c_serial_sda_oe

i2c_serial_sda_in

i2c_serial_scl_oe

i2c_serial_scl_in

1’b0

1’b0

Open drain bidirectional I/O buffer

Open drain bidirectional I/O buffer

I2C data Pad

I2C clock Pad

On chip Off chip

I2C data line

I2C clock line

Sample Code for I2C Serial Interface Connection

Verilog: 

assign i2c_serial_scl_in = arduino_adc_scl;
assign arduino_adc_scl = i2c_serial_scl_oe ? 1'b0 : 1'bz;

assign i2c_serial_sda_in = arduino_adc_sda;
assign arduino_adc_sda = i2c_serial_sda_oe ? 1'b0 : 1'bz;

VHDL:
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i2c_scl_in <= arduino_adc_scl; 
arduino_adc_scl  <= '0' when i2c_scl_oe = '1' else 'Z';
i2c_sda_in <= arduino_adc_sda; 
arduino_adc_sda  <= '0' when i2c_sda_oe = '1' else 'Z';

15.7.4. Avalon-MM Agent Interface

The Avalon-MM agent interface is configured as follows:

• Bus width: 32-bit

• Burst support: No

• Fixed read & write wait time: 0 cycles

• Fixed read latency: 2 cycles

• Lock support: No

Figure 53. Write and Read Timing of Avalon-MM Agent Interface

 
clk

write

read

addr

writedata

readdata

wa0 ra0

wd0

rd0

15.7.5. Avalon-ST Interface

Both ST data source and ST data sink interfaces support a ready latency of zero.

15.7.6. Programming Model

The following flowchart illustrates the recommended programming flow for the core.
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Figure 54. Programming Model Flowchart
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Note: When either ARBLOST_DET or NACK_DET occur, you need to clear its respective
interrupt status register bits in their error handling procedure before continuing with a
new I2C transfer. A new I2C transfer can be initiated with or without disabling the core.

Illustration: How to use the API

int main() 
{
  ALT_AVALON_I2C_DEV_t *i2c_dev;  //pointer to instance structure
  alt_u8 txbuffer[0x200];
  alt_u8 rxbuffer[0x200];  
  int i;
  ALT_AVALON_I2C_STATUS_CODE status;
  
  //get a pointer to the avalon i2c instance
  i2c_dev = alt_avalon_i2c_open("/dev/i2c_0");
  if (NULL==i2c_dev)
  {
      printf("Error: Cannot find /dev/i2c_0\n");
      return 1;
  }
  
  //set the address of the device using 
  
  alt_avalon_i2c_master_target_set(i2c_dev,0x51)    

  //write data to an eeprom at address 0x0200
  
  txbuffer[0]=2; txbuffer[1]=0;  
  
  //The eeprom address which will be sent as first two bytes of data
  
  for (i=0;i<0x10;i++) txbuffer[i+2]=i;   //some data to write
  status=alt_avalon_i2c_master_tx(i2c_dev,txbuffer, 0x10+2, 
ALT_AVALON_I2C_NO_INTERRUPTS);
  if (status!=ALT_AVALON_I2C_SUCCESS) return 1; //FAIL

  //read back the data into rxbuffer
  //This command sends the 2 byte eeprom data address required by the eeprom
  //Then does a restart and receives the data.
  status=alt_avalon_i2c_master_tx_rx(i2c_dev, txbuffer, 2, rxbuffer, 0x10, 
ALT_AVALON_I2C_NO_INTERRUPTS);
  if (status!=ALT_AVALON_I2C_SUCCESS) return 1; //FAIL
  return 0;
}

//Using the optional irq callback:

int main() 
{
  ALT_AVALON_I2C_DEV_t *i2c_dev;  //pointer to instance structure
  alt_u8 txbuffer[0x210];
  alt_u8 rxbuffer[0x200];  
  int i;
  ALT_AVALON_I2C_STATUS_CODE status;

  //storage for the optional provided interrupt handler structure 
  IRQ_DATA_t irq_data;
  
  //get a pointer to the avalon i2c instance
  i2c_dev = alt_avalon_i2c_open("/dev/i2c_0");
  if (NULL==i2c_dev)
  {
      printf("Error: Cannot find /dev/i2c_0\n");
      return 1;
  }
  

15. Intel FPGA Avalon I2C (Host) Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

191

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 192 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



  //register the optional interrupt callback.  
  alt_avalon_i2c_register_optional_irq_handler(i2c_dev,&irq_data);

  //set the address of the device we will be using
  alt_avalon_i2c_master_target_set(i2c_dev,0x51);     

  //assume an eeprom at address 0x51

  //write data to an eeprom at address (within the eeprom) 0x0200
  txbuffer[0]=2; 
  txbuffer[1]=0;  
  
  //The eeprom data address which will be sent as first two bytes of data

  for (i=0;i<0x10;i++) txbuffer[i+2]=i;   //some data to write

  while (1) {  //for function retry
     status=alt_avalon_i2c_master_tx(i2c_dev, txbuffer, 0x10+2, 
ALT_AVALON_I2C_USE_INTERRUPTS);
     
     
     if (status!=ALT_AVALON_I2C_SUCCESS) return 1; //FAIL

     //Completion should be checked by using the 
alt_avalon_i2c_interrupt_transaction_status function.
     //Note: Interrupt and non-interrupt transactions can be mixed in any 
sequence, so if desired this short address setup transaction can use 
ALT_AVALON_I2C_NO_INTERRUPTS.
     
     
     while (alt_avalon_i2c_interrupt_transaction_status(i2c_dev) == 
ALT_AVALON_I2C_BUSY) {  }
    
     //Did the transaction complete OK? If yes then break out of this retry 
loop, otherwise, have to do the transaction again
     //You may want to have a retry limit instead of 
     
     while (1)
     if (alt_avalon_i2c_interrupt_transaction_status(i2c_dev) == 
ALT_AVALON_I2C_SUCCESS) break;
  }
  while (1) { 
      
     //for function retry, read back the data into rxbuffer
     
     
     status=alt_avalon_i2c_master_tx_rx(i2c_dev, txbuffer, 2, rxbuffer, 0x10, 
ALT_AVALON_I2C_USE_INTERRUPTS);
     
     
     if (status!=ALT_AVALON_I2C_SUCCESS) return 1; //FAIL
  
     //For this example we will just waste the time in a loop.
     
     
     while (alt_avalon_i2c_interrupt_transaction_status(i2c_dev) == 
ALT_AVALON_I2C_BUSY) {  }
    
     //Did the transaction complete OK
     
     if (alt_avalon_i2c_interrupt_transaction_status(i2c_dev) == 
ALT_AVALON_I2C_SUCCESS) break;
  }
  
  return 0;
}
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15.8. Intel FPGA Avalon I2C (Host) Core API

Table 133. alt_avalon_i2c_open

Prototype ALT_AVALON_I2C_DEV_t* alt_avalon_i2c_open(const char* name)

Include <altera_avalon_i2c.h>

Parameters
• name - Character pointer to name of I2C peripheral as registered with the HAL.
For example: To open an I2C controller named as i2c_0 in Platform Designer, use /dev/
i2c_0.

Returns
• NULL - The return value is NULL on failure.
• non-NULL - Success, returns ptr to I2C device instance.

Description Retrieve a pointer to the I2C block instance. Search the list of registered I2C instances for
one with the supplied name.

Table 134. alt_avalon_i2c_register_optional_irq_handler

Prototype void alt_avalon_i2c_register_optional_irq_handler(ALT_AVALON_I2C_DEV_t *i2c_dev,
IRQ_DATA_t * irq_data)

Include <altera_avalon_i2c.h>

Parameters
• i2c_dev – Pointer to I2C device (instance) structure.
• irq data – A structure used for interrupt handler data.

Returns -

Description

Associate the optionally provided user interrupt callback routine with the I2C handler. This
is a simple IRQ callback which allows I2C transaction functions to immediately return
while the optional callback handles receiving or transmitting the data to the device and
completing the transaction. This optional callback uses a IRQ_DATA_t structure for IRQ
data.
You can use the function alt_avalon_i2c_interrupt_transaction_status to
check for IRQ transaction complete, or for a transaction error. These optionally provided
interrupt routines are functional, but are provided mainly for the purpose as working
examples of using interrupts with the Avalon I2C (Host) Core.
You may want to develop a more detailed irq callback routine tailored for specific device
hardware. In that case, you shall register the user callback with the
alt_avalon_i2c_register_callback function.
Using this optionally provided user callback routine enables use of the following functions:
• alt_avalon_i2c_master_receive_using_interrupts

• alt_avalon_i2c_master_transmit_using_interrupts

Table 135. alt_avalon_i2c_register_callback

Prototype void alt_avalon_i2c_register_callback (ALT_AVALON_I2C_DEV_t *i2c_dev,
alt_avalon_i2c_callback callback, alt_u32 control, void *context)

Include <altera_avalon_i2c.h>

Parameters

• dev - Pointer to I2C device (instance) structure.
• callback - Pointer to callback routine to execute at interrupt level.
• control - For masking the source interruption and setting configuration.
• context - Callback context.

Returns -

Description

Associate a user-specific routine with the I2C interrupt handler. If a callback is registered,
all enabled ISR's causes the callback to be executed.
The callback runs as part of the interrupt service routine.
An optional user callback routine is provided in this code and, if used, enables use of the
following functions:

continued...   

15. Intel FPGA Avalon I2C (Host) Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

193

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 194 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



• alt_avalon_i2c_master_receive_using_interrupts

• alt_avalon_i2c_master_transmit_using_interrupts

To register the optionally provided user callback use the
alt_avalon_i2c_register_optional_irq_handler function.

Table 136. alt_avalon_i2c_master_tx

Prototype alt_avalon_i2c_master_tx (ALT_AVALON_I2C_DEV_t *i2c_dev, alt_u8 * buffer, const
alt_u32 size, const alt_u8 use_interrupts)

Include <altera_avalon_i2c.h>

Parameters

• dev - Pointer to I2C device (instance) structure.
• buffer - The data buffer to transmit the I2C data.
• size - The size of the data buffer to write to the I2C bus.
• use_interrupts - The optional user interrupt handler callback is used to handle sending

the data.

Returns ALT_AVALON_I2C_SUCCESS indicates successful status. Otherwise, one of the
ALT_AVALON_I2C_* status codes is returned. All failing return values are < 0.

Description

This function transmits START followed by the I2C command byte(s). Then write requests
are sent to fulfill the write request. The final transaction will issue a STOP.
This API is not suitable for being called in an interrupt context as it may wait for certain
controller states before completing. The target address must have been set before using
this function. If an ALT_AVALON_I2C_ARB_LOST_ERR, ALT_AVALON_I2C_NACK_ERR,
or ALT_AVALON_I2C_BUSY occurs, then the command is retried.
If the use_interrupts parameter is 1, then as soon as all cmd bytes have been written to
the command fifo this function will return. The interrupt handler will then handle waiting
for the device to send the rx data and will then complete the I2C transaction. To use this
option the provided optional user interrupt handler callback must have been registered by
calling the alt_avalon_i2c_register_optional_irq_handler function.

Table 137. alt_avalon_i2c_master_rx

Prototype alt_avalon_i2c_master_rx (ALT_AVALON_I2C_DEV_t *i2c_dev, alt_u8 * buffer, const
alt_u32 size, const alt_u8 use_interrupts)

Include <altera_avalon_i2c.h>

Parameters

• dev - Pointer to I2C device (instance) structure.
• buffer - The data buffer to receive the I2C data.
• size - The size of the data buffer to write to the I2C bus.
• use_interrupts - The optional user interrupt handler callback is used to handle

receiving the data.

Returns ALT_AVALON_I2C_SUCCESS indicates successful status. Otherwise, one of the
ALT_AVALON_I2C_* status codes is returned. All failing return values are < 0.

Description

This function transmits START followed by the I2C command byte(s). Then read requests
are sent to fulfill the read request. The final transaction will issue a STOP.
This API is not suitable for being called in an interrupt context as it may wait for certain
controller states before completing.
The target address must have been set before using this function.
If an ALT_AVALON_I2C_ARB_LOST_ERR, ALT_AVALON_I2C_NACK_ERR,
ALT_AVALON_I2C_BUSY occurs, the command will be retried.
ALT_AVALON_I2C_NACK_ERR will occur when the agent device is not yet ready to accept
more data. If the use_interrupts parameter is 1, then as soon as all cmd bytes have been
written to the command fifo, this function will return. The interrupt handler will then
handle waiting for the device to send the rx data and will then complete the I2C
transaction. To use this option the provided optional user interrupt handler callback must
have been registered by calling the
alt_avalon_i2c_register_optional_irq_handler function.
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Table 138. alt_avalon_i2c_master_tx_rx

Prototype alt_avalon_i2c_master_tx_rx (ALT_AVALON_I2C_DEV_t *i2c_dev, const alt_u8 * txbuffer,
const alt_u32 txsize, alt_u8 * rxbuffer, const alt_u32 rxsize, const alt_u8 use_interrupts)

Include <altera_avalon_i2c.h>

Parameters

• dev - Pointer to I2C device (instance) structure.
• txdata - Send data buffer.
• txsize - Size of the send data buffer to write to the I2C bus.
• rxdata - Receive data buffer.
• rxsize - Size of the receive data buffer.
• use_interrupts - The optional user interrupt handler callback is used to handle sending

and receiving the data.

Returns ALT_AVALON_I2C_SUCCESS indicates successful status. Otherwise, one of the
ALT_AVALON_I2C_* status codes is returned. All failing return values are < 0.

Description

This function transmits START followed by the I2C command byte(s). Then write requests
are sent to fulfill the write request. After a RESTART is issued and read requests are sent
until the read request is fulfilled. The final transaction will issue a STOP.
This API is not suitable for being called in an interrupt context as it may wait for certain
controller states before completing. The target address must have been set before using
this function. If an ALT_AVALON_I2C_ARB_LOST_ERR, ALT_AVALON_I2C_NACK_ERR,
or ALT_AVALON_I2C_BUSY, occurs, then the command is retried.
ALT_AVALON_I2C_NACK_ERR occurs when the agent device is not yet ready to accept or
send more data. This command allows easy access of a device requiring an internal
register address to be set before doing a read, for example an EEPROM device.
Example: If an EEPROM requires a 2 byte address to be sent before doing a memory
read, the tx buffer contains the 2 byte address and the txsize is set to 2. Then the
rxbuffer recieves the rxsize number of bytes to read from the EEPROM as follows:

To Read 0x10 bytes from EEPROM at I2C address 0x51 into buffer:
buffer[0]=2;buffer[1]=0; //set eeprom address 0x200
alt_avalon_i2c_master_tx_rx(i2c_ptr,buffer,2,buffer,0x10,0);

The tx and rx buffer can be the same buffer if desired.
If the use_interrupts parameter is 1, then as soon as all cmd bytes have been written to
the command fifo this function will return. The interrupt handler will then handle waiting
for the device to send the rx data and will then complete the I2C transaction. To use this
option the provided optional user interrupt handler callback must have been registered by
calling the alt_avalon_i2c_register_optional_irq_handler function.

Table 139. alt_avalon_i2c_interrupt_transaction_status

Prototype This API is not suitable for being called in analt_avalon_i2c_interrupt_transaction_status
(ALT_AVALON_I2C_DEV_t *i2c_dev)

Include <altera_avalon_i2c.h>

Parameters dev - A pointer to the I2C controller device block instance.

Returns

ALT_AVALON_I2C_SUCCESS indicates interrupt transaction is successfully completed.
Another transaction can now be started.
ALT_AVALON_I2C_BUSY indicates the interrupt transaction is still busy.
ALT_AVALON_NACK_ERROR indicates the device did not ack. This is most likely because
the device is busy with the previous transaction. The transaction must be retried.
Otherwise, one of the other ALT_AVALON_I2C_* status codes is returned. The transaction
must be retried.
All failing return values are < 0.

Description

When an interrupt transaction has been initiated using the
alt_avalon_i2c_master_tx, alt_avalon_i2c_master_rx, or
alt_avalon_i2c_master_tx_rx function with the interrupt option set, or if using the
alt_avalon_i2c_master_transmit_using_interrupts or
alt_avalon_i2c_master_receive_using_interrupts functions, then this function can
be used to check the status of that transaction. The only way to ensure error free back to

continued...   
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back transactions is to use this function after every interrupt transaction to ensure the
transaction had no errors and is complete, before starting the next transaction. Also, if an
error is returned from this function, then you must retry the I2C transaction. One reason
an error may be returned is if the device is busy, which is likely to occur occasionally if
you are doing back to back transactions.

15.8.1. Optional Status Retrieval API

Table 140. alt_avalon_i2c_master_target_get

Prototype void alt_avalon_i2c_master_target_get (ALT_AVALON_I2C_DEV_t * i2c_dev, alt_u32 *
target_addr)

Include <altera_avalon_i2c.h>

Parameters
• i2c_dev - A pointer to the I2C controller device block instance.
• target_addr - The 7 or 10 bit agent target address.

Returns -

Description This function returns the current target address.

Table 141. alt_avalon_i2c_master_config_get

Prototype void alt_avalon_i2c_master_config_get (ALT_AVALON_I2C_DEV_t *i2c_dev,
ALT_AVALON_I2C_MASTER_CONFIG_t* cfg)

Include <altera_avalon_i2c.h>

Parameters
• i2c_dev - A pointer to the I2C controller device block instance.
• cfg - Pointer to a ALT_AVALON_I2C_MASTER_CONFIG_t structure for holding the

returned I2C host mode configuration parameters.

Returns -

Description Populates the host mode configuration structure (type ALT_AVALON_I2C_ADDR_MODE_t)
from registers.

Table 142. alt_avalon_i2c_master_config_speed_get

Prototype alt_avalon_i2c_master_config_speed_get (ALT_AVALON_I2C_DEV_t *i2c_dev, const
ALT_AVALON_I2C_MASTER_CONFIG_t* cfg, alt_u32 * speed_in_hz)

Include <altera_avalon_i2c.h>

Parameters

• i2c_dev - A pointer to the I2C controller device block instance.
• cfg - Pointer to a ALT_AVALON_I2C_MASTER_CONFIG_t structure for holding the

returned I2C host mode configuration parameters.
• speed_in_hz - Speed (Hz) the I2C bus is currently configured at based on the cfg

structure (not necessarily on the hardware settings). To get the hardware speed first
populate the cfg structure with the alt_avalon_i2c_master_config_get()
function.

Returns ALT_AVALON_I2C_SUCCESS - Indicates successful status. Otherwise, one of the
ALT_AVALON_I2C_* status codes is returned. All failing return values are < 0.

Description This utility function returns the speed in hertz (Hz) based on the contents of the passed
in configuration structure.

Table 143. alt_avalon_i2c_int_status_get

Prototype void alt_avalon_i2c_int_status_get (ALT_AVALON_I2C_DEV_t *i2c_dev, alt_u32 *status)

Include <altera_avalon_i2c.h>
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15. Intel FPGA Avalon I2C (Host) Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

196

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 197 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Parameters
• i2c_dev - A pointer to the I2C controller device block instance.
• status - A pointer to a bit mask of the active \ref ALT_AVALON_I2C_STATUS_t

interrupt and status conditions.

Returns -

Description
This function returns the current value of the I2C controller interrupt status register value
which reflects the current I2C controller status conditions that are not disabled (or
masked).

Table 144. alt_avalon_i2c_int_raw_status_get

Prototype void alt_avalon_i2c_int_raw_status_get (ALT_AVALON_I2C_DEV_t *i2c_dev, alt_u32
*status)

Include <altera_avalon_i2c.h>

Parameters
• i2c_dev - A pointer to the I2C controller device block instance.
• status - A pointer to a bit mask of the active \ref ALT_AVALON_I2C_STATUS_t

interrupt and status conditions.

Returns -

Description
This function returns the current value of the I2C controller raw interrupt status register
value which reflects the current I2C controller status conditions regardless of whether
they are disabled/masked or not.

Table 145. alt_avalon_i2c_tfr_cmd_fifo_threshold_get

Prototype void alt_avalon_i2c_tfr_cmd_fifo_threshold_get (ALT_AVALON_I2C_DEV_t *i2c_dev,
ALT_AVALON_I2C_TFR_CMD_FIFO_THRESHOLD_t *threshold)

Include <altera_avalon_i2c.h>

Parameters
• i2c_dev - A pointer to the I2C controller device block instance.
• threshold - The current threshold value.

Returns -

Description Gets the current Transfer Command FIFO threshold level value.

Table 146. alt_avalon_i2c_rx_fifo_threshold_get

Prototype void alt_avalon_i2c_rx_fifo_threshold_get (ALT_AVALON_I2C_DEV_t *i2c_dev,
ALT_AVALON_I2C_RX_DATA_FIFO_THRESHOLD_t *threshold)

Include <altera_avalon_i2c.h>

Parameters
• i2c_dev - A pointer to the I2C controller device block instance.
• threshold - The current threshold value.

voidReturns -

Description Gets the current receive FIFO threshold level value.

15. Intel FPGA Avalon I2C (Host) Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

197

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 198 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



15.9. Intel FPGA Avalon I2C (Host) Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2020.12.23 20.3 Added minimum clock frequency for Intel FPGA Avalon I2C (Host) Core in
section: Interface.

2018.09.24 18.1 Added a new section: Intel FPGA Avalon I2C (Host) Core API.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

November 2017 2017.11.06 • Added the sample verilog code for I2C Serial Interface Connection.
• Added the illustration for using API in Programming Model.

October 2016 2016.10.28 Initial release
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16. Intel FPGA I2C Agent to Avalon-MM Host Bridge Core

16.1. Core Overview

The Intel FPGA I2C Agent to Avalon-MM Host Bridge soft IP core is a solution to
connect an I2C interface with a User Flash Memory (UFM) device. This IP translates an
I2C transaction into an Avalon Memory Mapped (Avalon-MM) transaction.

Note: This IP core supports Intel eASIC N5X devices.

16.2. Functional Description

The I2C Agent to Avalon-MM Host Bridge core has the following features:

• Up to 4-byte addressing mode

• 3-bit address stealing

• 7-bit address I2C agent

16.2.1. Block Diagram

Figure 55. Intel FPGA I2C to Avalon-MM Host Bridge Block Diagram

Av
alo

n-
M

M
  H

os
t

 I
nt

er
fac

e 
 

 

 

 

 
  

 

I2C
Ag

en
t  in

te
rfa

ce

  

Condition
detector

Agent
FSM

Clock
counter

Spike
suppresion

TX out TX shifter TX data buffer

RX
shifter

RX data
buffer

I2C to Avalon host
interface translator

16.2.2. N-byte Addressing

This IP supports up to a 4 bytes addressing mode. You can select which byte
addressing mode you want to use in Platform Designer.
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The Avalon Address width present at the Avalon host interface is fixed at 32 bits. If
you select other than a 4 bytes addressing mode, zeros are added to the most
significant bit(s) (MSB) of the Avalon Address width. For example in 2 bytes
addressing mode, only the lower 16 bits of the address width are used while the upper
16 bits are zero.

• When byte addressing mode = 1, address width in use = 8 + address stealing bit

• When byte addressing mode = 2, address width in use = 16 + address stealing bit

• When byte addressing mode = 3, address width in use = 24 + address stealing bit

• When byte addressing mode = 4, address width in use = 32

There is an address counter inside the I2C to Avalon host interface translator block.
The counter rolls over at the maximum upper address bound according to the byte
addressing mode plus one address stealing bit. It does not continue incrementing up
the full address range of the Avalon address size. For example, the address counter
rolls over at 128 K memory size in 2 bytes addressing mode plus one address stealing
bit.

16.2.3. N-byte Addressing with N-bit Address Stealing

This IP supports up to 3-bit address stealing. In Platform Designer, you can configure
which address stealing mode to use. The address stealing bits (A0, A1, A2) are added
into the second, third, and forth bits of the control byte to expand the contiguous
address space. If no address stealing bits are used, then the second, third, and forth
bits of the control byte are used as agent address bits.

Note: When in 3-bit address stealing mode, you must make sure the three least significant
bits (LSB) of the agent address are zero.

The maximum upper bound of the internal address counter is:

BYTEADDRWIDTH + address stealing bit(s)

Figure 56. 8-bit Control Byte Example
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16.2.4. Read Operation

The Avalon read data width is 32 bits wide. A 32-bit width limits the bridge to only
issue word align Avalon addresses. It also allows the upstream I2C host to read any
sequence of bytes on any address alignment. The conversion logic which sits between
the Avalon interface and I2C interface, translates the address alignment and returns
the correct 8-bit data to the I2C host from the 32-bit Avalon read data.

Read Operation conversion logic flow:

• Checks the address alignment issued by the I2C host (first byte, second byte, third
byte or forth byte).

• Issues a word align Avalon address according to the address sent by the I2C host
with the two LSBs zero.

• Returns read data to the I2C host according to the address alignment.

This IP supports three types of read operations:

• Random address read

• Current address read

• Sequential read

Upon receiving of the agent address with the R/W bit set to one, the bridge issues an
acknowledge to the I2C host. The bridge keeps the Avalon read signal high for one
clock cycle with the Avalon wait request signal low, then receives an 8-bit Avalon read
data word and upstreams the read data to the I2C host.

16.2.4.1. Random Address Read

Random read operations allow the upstream I2C host to access any memory location
in a random manner. To perform this type of read operation, you must first set the
byte address. The I2C host issues a byte address to the bridge as part of a write
operation then followed by a read command. After the read command is issued, the
internal address counter points to the address location following the one that was just
read. The upper address bits are transferred first, followed by the LSB(s).

Figure 57. Random Address Read

16.2.4.2. Sequential Address Read

Sequential reads are initiated in the same way as a random read except after the
bridge has received the first data byte, the upstream I2C host issues an acknowledge
as opposed to a Stop condition. This directs the bridge to keep the Avalon read signal
high for the next sequential address. The internal address counter increments by one
at the completion of each read operation and allows the entire memory contents to be
serially read during one operation.
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Figure 58. Sequential Address Read

16.2.4.3. Current Address Read

This IP contains an internal address counter that maintains the address of the last
word accessed incremented by one. Therefore, if the previous access was to address
n, the next current address read operation would access data from address n + 1.

Figure 59. Current Address Read

16.2.5. Write Operation

The Avalon write data width is 32 bits wide. A 32-bit width limits the bridge to only
issue word align Avalon addresses. It also allows the upstream I2C host to write to any
sequence of bytes on any address alignment. There is a conversion logic which sits
between the Avalon interface and the I2C interface.

Write operation conversion logic flow:

• Checks the address alignment issued by the I2C host.

• Enables data by setting byteenable high to indicate which byte address the I2C
host wants to write into.

Note: If the address issued by I2C host is 0x03h, the byteenable is 4’b1000.

• Combines multiple bytes of data into a 32-bit packet if their addresses are
sequential.

Note: If the first write is to address 0x04 and the second write is to address
0x05, then byteenable is 4’b0011.
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Legal byteenable combinations are 4’b0001, 4’b0010, 4’b0100, 4’b1000, 4’b0011,
4’b1100 and 4’b1111.

• If the write request issued by the I2C host ends up with an illegal byteenable
combination such as, 4’b0110, 4’b0111, or 4’b1110, then the bridge generates
multiple Avalon byte writes.

Note: If the sequential write request from the I2C host starts from 0x0 and ends
at 0x02 (illegal byteenable, b’0111), then the bridge will generate three
Avalon write requests with legal byteenable 4’b0001, 4’b0010 and
4’b0100.

• Issues a word align Avalon address according to the address sent by the I2C host
with the two LSB set to zero.

Upon receiving of the agent address with the R/W bit set to zero, the bridge issues an
acknowledge to the I2C host. The next byte transmitted by the host is the byte
address. The byte address is written into the address counter inside the bridge. The
bridge acknowledges the I2C host again and the host transmits the data byte to be
written into the addressed memory location. The host keeps sending data bytes to the
bridge and terminates the operation with a Stop condition at the end.

Figure 60. Write Operation
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16.2.6. Interacting with Multi-Hosts

This IP core is able to integrate multiple I2C hosts provided the I2C hosts support the
arbitration feature. The hosts which support arbitration always compares the data
value it drives into the bus with the actual value observed on the bus. If both sets of
data do not match, then the host loses arbitration. The I2C agent core in the bridge
does not observe the bus.

For example, let’s say Host 1 is writing to the bridge while Host 2 is performing a
read. Host 1 will win the arbitration during the R/W bit because Host 1 is pulling down
the bus, while Host 2 is driving high to the bus. The effective value of the bus during
the R/W bit cycle is zero. In this case, Host 2 knows it loses the arbitration because it
observes a different value on the bus than what is being driven.

If both hosts are performing a write, then the arbitration process checks the different
data value driven by both hosts to determine which one wins the arbitration.

If both hosts are performing a read, then no one loses the arbitration since the single
agent is driving the bus to both hosts (no collision).
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16.3. Platform Designer Parameters

Figure 61. Intel FPGA I2C Agent to Avalon MM Host Bridge Interface

Table 147. Platform Designer Parameters

Parameter Legal Values Default
Values

Description

I2C Agent Address 0:127 127 This parameter represents the target address of the I2C
agent which sits in the bridge.

Byte Addressing mode 1, 2, 3, 4 2 This parameter allows you to select the number of address
bytes you want to configure according to the flash capacity
used.
• 1=8 address bit
• 2=16 address bit
• 3=24 address bit
• 4=32 address bit

Number of Address Stealing
bit

0, 1, 2, 3 0 This parameter allows you to select the number of address
stealing bits to expand the contiguous address space.

Enable Read only mode ON, OFF OFF Enables read only support where the write operation is
removed to improve resource count.

16.4. Signals

Table 148. Intel FPGA I2C Agent to Avalon-MM Host Bridge Signals

Signal Width Direction Description

Avalon-MM interface

clk 1 Input Clock signal

rst_n 1 Input Reset signal

continued...   
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Signal Width Direction Description

address 32 Output Avalon-MM address bus. The address bus is in word
addressing.

byteenable 4 Output Avalon-MM byteenable signal.

read 1 Output Avalon-MM read request signal.

readdata 32 Input Avalon-MM read data bus.

readdatavalid 1 Input Avalon-MM read data valid signal.

waitrequest 1 Input Avalon-MM wait request signal

write 1 Output Avalon-MM write request signal.

writedata 32 Output Avalon-MM write data bus.

Serial conduit interface for I2C

i2c_data_in 1 Input I2C agent conduit data input signal.

i2c_clk_in 1 Input I2C agent conduit clock input signal.

i2c_data_oe 1 Output I2C agent conduit data output signal.

i2c_clk_oe 1 Output I2C agent conduit clock output signal.
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16.5. How to Translate the Bridge's I2C Data and I2C I/O Ports to
an I2C Interface

In order to translate the bridges I2C data and I2C I/O ports to an I2C interface refer to
the figure below. You need to connect a tri-state buffer to the cores I2C data and clock
related ports to form SDA and SCL.

Figure 62.
On chip     Off chip
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Vcc

Vcc

I/O
PAD

I/O
PAD

ic_data_oe

ic_clk_oe
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Example 9. Translating the Bridge's I2C Data and I2C I/O Ports to an I2C Interface

module top (    
    inout  tri1         fx2_scl,    
    inout  tri1         fx2_sda 

); 

wire fx2_sda_in;
wire fx2_scl_in;
wire fx2_sda_oe;
wire fx2_scl_oe; 

assign fx2_scl_in = fx2_scl;
assign fx2_sda_in = fx2_sda;
assign fx2_scl = fx2_scl_oe ? 1'b0 : 1'bz;
assign fx2_sda = fx2_sda_oe ? 1'b0 : 1'bz; 

proj_1 u0 (           
        .i2cslave_to_avlmm_bridge_0_conduit_end_conduit_data_in 
(fx2_sda_in), // i2c_bridge.conduit_data_in           
        .i2cslave_to_avlmm_bridge_0_conduit_end_conduit_clk_in  
(fx2_scl_in), //           .conduit_clk_in           
        .i2cslave_to_avlmm_bridge_0_conduit_end_conduit_data_oe 
(fx2_sda_oe), //           .conduit_data_oe           
        .i2cslave_to_avlmm_bridge_0_conduit_end_conduit_clk_oe  
(fx2_scl_oe)  //           .conduit_clk_oe     
    ); 

endmodule
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16.6. Intel FPGA I2C Agent to Avalon-MM Host Bridge Core Revision
History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

October 2016 2016.10.28 Updates:
• Table 148 on page 205

— address direction updated
— waitrequest added

June 2016 2016.06.17 New topic:
• How to Translate the Bridge's I2C Data and I2C I/O Ports to an I2C

Interface on page 207

May 2016 2016.05.03 Initial release.
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17. Intel FPGA Avalon Compact Flash Core
Attention: The Intel FPGA Avalon Compact Flash Core is part of a product obsolescence and

support discontinuation schedule. For new design, Intel recommends that you use
other IPs with equivalent functions. To see a list of available IPs, refer to the Intel
FPGA IP Portfolio page.

17.1. Core Overview

The Intel FPGA Avalon Compact Flash core allows you to connect systems built on
Platform Designer to CompactFlash storage cards in true IDE mode by providing an
Avalon Memory-Mapped (Avalon-MM) interface to the registers on the storage cards.
The core supports PIO mode 0.

The Compact Flash core also provides an Avalon-MM agent interface which can be
used by Avalon-MM host peripherals such as a Nios II processor to communicate with
the Compact Flash core and manage its operations.

17.2. Functional Description

Figure 63. System With a CompactFlash Core
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As shown in the block diagram, the Compact Flash core provides two Avalon-MM agent
interfaces: the ide agent port for accessing the registers on the CompactFlash device
and the ctl agent port for accessing the core's internal registers. These registers can
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be used by Avalon-MM host peripherals such as a Nios II processor to control the
operations of the Compact Flash core and to transfer data to and from the
CompactFlash device.

You can set the Compact Flash core to generate two active-high interrupt requests
(IRQs): one signals the insertion and removal of a CompactFlash device and the other
passes interrupt signals from the CompactFlash device.

The Compact Flash core maps the Avalon-MM bus signals to the CompactFlash device
with proper timing, thus allowing Avalon-MM host peripherals to directly access the
registers on the CompactFlash device.

For more information, refer to the CF+ and CompactFlash specifications available at
CompactFlash Association website.

17.3. Required Connections

The table below lists the required connections between the Compact Flash core and
the CompactFlash device.

Table 149. Core to Device Required Connections

CompactFlash Interface Signal
Name

Pin Type CompactFlash Pin Number

addr[0] Output 20

addr[1] Output 19

addr[2] Output 18

addr[3] Output 17

addr[4] Output 16

addr[5] Output 15

addr[6] Output 14

addr[7] Output 12

addr[8] Output 11

addr[9] Output 10

addr[10] Output 8

atasel_n Output 9

cs_n[0] Output 7

cs_n[1] Output 32

data[0] Input/Output 21

data[1] Input/Output 22

data[2] Input/Output 23

data[3] Input/Output 2

data[4] Input/Output 3

data[5] Input/Output 4

continued...   
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CompactFlash Interface Signal
Name

Pin Type CompactFlash Pin Number

data[6] Input/Output 5

data[7] Input/Output 6

data[8] Input/Output 47

data[9] Input/Output 48

data[10] Input/Output 49

data[11] Input/Output 27

data[12] Input/Output 28

data[13] Input/Output 29

data[14] Input/Output 30

data[15] Input/Output 31

detect Input 25 or 26

intrq Input 37

iord_n Output 34

iordy Input 42

iowr_n Output 35

power Output CompactFlash power controller, if
present

reset_n Output 41

rfu Output 44

we_n Output 46

17.4. Software Programming Model

This section describes the software programming model for the Compact Flash core.

17.4.1. HAL System Library Support

The Intel-provided HAL API functions include a device driver that you can use to
initialize the Compact Flash core. To perform other operations, use the low-level
macros provided.

For more information on the macros, refer to the "Software Files" section.

Related Information

Software Files on page 211

17.4.2. Software Files

The Compact Flash core provides the following software files. These files define the
low-level access to the hardware. Application developers should not modify these files.
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• altera_avalon_cf_regs.h—The header file that defines the core's register
maps.

• altera_avalon_cf.h, altera_avalon_cf.c—The header and source code
for the functions and variables required to integrate the driver into the HAL system
library.

17.4.3. Register Maps

This section describes the register maps for the Avalon-MM agent interfaces.

17.4.3.1. Ide Registers

The ide port in the Compact Flash core allows you to access the IDE registers on a
CompactFlash device.

Table 150. Ide Register Map

Offset Register Names

Read Operation Write Operation

0 RD Data WR Data

1 Error Features

2 Sector Count Sector Count

3 Sector No Sector No

4 Cylinder Low Cylinder Low

5 Cylinder High Cylinder High

6 Select Card/Head Select Card/Head

7 Status Command

14 Alternate Status Device Control

17.4.3.2. Ctl Registers

The ctl port in the Compact Flash core provides access to the registers which control
the core’s operation and interface.

Table 151. Ctl Register Map

Offset Register Fields

31:4 3 2 1 0

0 cfctl Reserved IDET RST PWR DET

1 idectl Reserved IIDE

2 Reserved Reserved

3 Reserved Reserved
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17.4.3.3. Cfctl Register

The cfctl register controls the operations of the Compact Flash core. Reading the cfctl
register clears the interrupt.

Table 152. cfctl Register Bits

Bit Number Bit Name Read/Write Description

0 DET RO Detect. This bit is set to 1 when the core detects a CompactFlash
device.

1 PWR RW Power. When this bit is set to 1, power is being supplied to the
CompactFlash device.

2 RST RW Reset. When this bit is set to 1, the CompactFlash device is held in a
reset state. Setting this bit to 0 returns the device to its active state.

3 IDET RW Detect Interrupt Enable. When this bit is set to 1, the Compact Flash
core generates an interrupt each time the value of the det bit
changes.

17.4.3.4. idectl Register

The idectl register controls the interface to the CompactFlash device.

Table 153. idectl Register

Bit Number Bit Name Read/Write Description

0 IIDE RW IDE Interrupt Enable. When this bit is set to 1, the Compact Flash core
generates an interrupt following an interrupt generated by the
CompactFlash device. Setting this bit to 0 disables the IDE interrupt.

17.5. Intel FPGA Avalon Compact Flash Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added product obsolescence and support discontinuation notice.

2018.05.07 18.0 Corrected the register name for offset 14 of Ide Registers.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Added the mode supported by the Compact Flash core.
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18. EPCS/EPCQA Serial Flash Controller Core

18.1. Core Overview

The EPCS/EPCQA serial flash controller core with Avalon interface allows Nios II
systems to access an Intel EPCS/EPCQA serial configuration device. Intel provides
drivers that integrate into the Nios II hardware abstraction layer (HAL) system library,
allowing you to read and write the EPCS/EPCQA device using the familiar HAL
application program interface (API) for flash devices.

Note: The EPCS/EPCQA Serial Flash Controller Core does not support Nios V processor
booting from QSPI flash.

Using the EPCS/EPCQA serial flash controller core, Nios II systems can:

• Store program code in the EPCS/EPCQA device. The EPCS/EPCQA serial flash
controller core provides a boot-loader feature that allows Nios II systems to store
the main program code in an EPCS/EPCQA device.

• Store non-volatile program data, such as a serial number, a NIC number, and
other persistent data.

• Manage the device configuration data. For example, a network-enabled embedded
system can receive new FPGA configuration data over a network, and use the core
to program the new data into an EPCS/EPCQA serial configuration device.

The EPCS/EPCQA serial flash controller core is Platform Designer-ready and
integrates easily into any Platform Designer-generated system. The flash
programmer utility in the Nios II IDE allows you to manage and program data
contents into the EPCS/EPCQA device.

Note: Intel is offering an alternative device for EPCS. Refer to Product
Discontinuance Notification PDN1708 for more details. For information about
migration, refer to AN822: Intel Configuration Device Migration Guideline.

For information about the EPCS/EPCQA serial configuration device family, refer to
the Serial Configuration Devices Data Sheet.

For details about using the Nios II HAL API to read and write flash memory, refer
to the Nios II Software Developer's Handbook.

For details about managing and programming the EPCS/EPCQA memory contents,
refer to the Nios II Flash Programmer User Guide.

For Nios II processor users, the EPCS/EPCQA serial flash controller core
supersedes the Active Serial Memory Interface (ASMI) device. New designs should
use the EPCS/EPCQA serial flash controller core instead of the ASMI core.

Related Information

• Serial Configuration Devices (EPCS1, EPCS4, EPCS16, EPCS64 and EPCS128) Data
Sheet
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• Nios II Classic Software Developer's Handbook

• Nios II Flash Programmer User Guide

• Intel Configuration Device Migration Guideline

• Product Discontinuance Notification PDN1708

18.2. Functional Description

As shown below, the EPCS/EPCQA device's memory can be thought of as two separate
regions:

• FPGA configuration memory—FPGA configuration data is stored in this region.

• General-purpose memory—If the FPGA configuration data does not fill up the
entire EPCS/EPCQA device, any left-over space can be used for general-purpose
data and system startup code.

Figure 64. Nios II System Integrating an EPCS/EPCQA Serial Flash Controller Core
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• By virtue of the HAL generic device model for flash devices, accessing the EPCS/
EPCQA device using the HAL API is the same as accessing any flash memory. The
EPCS/EPCQA device has a special-purpose hardware interface, so Nios II programs
must read and write the EPCS/EPCQA memory using the provided HAL flash
drivers.

The EPCS/EPCQA serial flash controller core contains an on-chip memory for storing a
boot-loader program. When used in conjunction with Cyclone and Cyclone II devices,
the core requires 512 bytes of boot-loader ROM. For Cyclone III, Cyclone IV, Intel
Cyclone 10 LP, Stratix II, and newer device families in the Stratix series, the core
requires 1 KByte of boot-loader ROM. The Nios II processor can be configured to boot
from the EPCS/EPCQA serial flash controller core. To do so, set the Nios II reset
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address to the base address of the EPCS/EPCQA serial flash controller core. In this
case, after reset the CPU first executes code from the boot-loader ROM, which copies
data from the EPCS/EPCQA general-purpose memory region into a RAM. Then,
program control transfers to the RAM. The Nios II IDE provides facilities to compile a
program for storage in the EPCS/EPCQA device, and create a programming file to
program into the EPCS/EPCQA device.

For more information, refer to the Nios II Flash Programmer User Guide.

If you program the EPCS/EPCQA device using the Intel Quartus Prime Programmer, all
previous content is erased. To program the EPCS/EPCQA device with a combination of
FPGA configuration data and Nios II program data, use the Nios II IDE flash
programmer utility.

The Intel EPCS/EPCQA configuration device connects to the FPGA through dedicated
pins on the FPGA, not through general-purpose I/O pins. In all Intel device families
except Cyclone III, Cyclone IV, and Intel Cyclone 10 LP the EPCS/EPCQA serial flash
controller core does not create any I/O ports on the top-level Platform Designer
system module. If the EPCS/EPCQA device and the FPGA are wired together on a
board for configuration using the EPCS/EPCQA device (in other words, active serial
configuration mode), no further connection is necessary between the EPCS/EPCQA
serial flash controller core and the EPCS/EPCQA device. When you compile the
Platform Designer system in the Intel Quartus Prime software, the EPCS/EPCQA serial
flash controller core signals are routed automatically to the device pins for the EPCS/
EPCQA device.

You, however, have the option not to use the dedicated pins on the FPGA (active serial
configuration mode) by turning off the respective parameters in the MegaWizard
interface. When this option is turned off or when the target device is a Cyclone III,
Cyclone IV device, or Intel Cyclone 10 LP you have the flexibility to connect the output
pins, which are exported to the top-level design, to any EPCS/EPCQA devices. Perform
the following tasks in the Intel Quartus Prime software to make the necessary pin
assignments:

• On the Dual-purpose pins page (Assignments > Devices > Device and Pin
Options), ensure that the following pins are assigned to the respective values:

— Data[0] = Use as regular I/O

— Data[1] = Use as regular I/O

— DCLK = Use as regular I/O

— FLASH_nCE/nCS0 = Use as regular I/O

• Using the Pin Planner (Assignments > Pins), ensure that the following pins are
assigned to the respective configuration functions on the device:

— data0_to_the_epcs_controller = DATA0

— sdo_from the_epcs_controller = DATA1,ASDO

— dclk_from_epcs_controller = DCLK

— sce_from_the_epcs_controller = FLASH_nCE

Related Information

Nios II Flash Programmer User Guide
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18.2.1. Avalon-MM Agent Interface and Registers

The EPCS/EPCQA serial flash controller core has a single Avalon-MM agent interface
that provides access to both boot-loader code and registers that control the core. As
shown in below, the first segment is dedicated to the boot-loader code, and the next
seven words are control and data registers. A Nios II CPU can read the instruction
words, starting from the core's base address as flat memory space, which enables the
CPU to reset the core's address space.

The EPCS/EPCQA serial flash controller core includes an interrupt signal that can be
used to interrupt the CPU when a transfer has completed.

Table 154. EPCS/EPCQA Serial Flash Controller Core Register Map

Offset
(32-bit Word Address)

Register Name R/W Bit Description

31:0

0x00 .. 0xFF Boot ROM Memory R Boot Loader Code

0x100 Read Data R

0x101 Write Data W

0x102 Status R/W

0x103 Control R/W

0x104 Reserved —

0x105 Slave Enable R/W

0x106 End of Packet R/W

Note: Intel does not publish the usage of the control and data registers. To access the EPCS/
EPCQA device, you must use the HAL drivers provided by Intel.

18.3. Configuration

The core must be connected to a Nios II processor. The core provides drivers for HAL-
based Nios II systems, and the precompiled boot loader code compatible with the Nios
II processor.

In device families other than Cyclone III, Cyclone IV, and Intel Cyclone 10 LP, you can
use the MegaWizard™ interface to configure the core to use general I/O pins instead of
dedicated pins by turning off both parameters, Automatically select dedicated
active serial interface, if supported and Use dedicated active serial interface.

Only one EPCS/EPCQA serial flash controller core can be instantiated in each FPGA
design.
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18.4. Interface Signals

Table 155. Interface Signals

Signal Name Width Direction Description

Clock Interface

clk 1 Input Input clock used to clock the IP core.

Reset Interface

reset_n 1 Input Synchronous reset used to reset the IP
core.

resetrequest 1 Input Reset RAM memory.

Avalon Memory-Mapped Interface Agent Interface

address 9 Input Avalon Memory-Mapped Interface address
lines from the system interconnect fabric.

chipselect 1 Input Avalon Memory-Mapped Interface chip-
select signal.

dataavailable 1 Output Flow control signal which indicates that
the data is ready for read transfer.

endofpacket 1 Output Flow control signal which indicates the
end of SPI data word.

read_n 1 Input Avalon Memory-Mapped Interface read
request signal.

readdata 32 Output
Avalon Memory-Mapped Interface read
data to system interconnect fabric for
read transfer.

readyfordata 1 Output Flow control signal which indicates the
availability to accept a write transfer.

write_n 1 Input Avalon Memory-Mapped Interface write
request signal.

write_data 32 Input Avalon Memory-Mapped Interface write
data from the system interconnect fabric.

Interrupt Signal

irq 1 Output Interrupt signal.

Conduit Ports

dclk 1 Output Provides a clock signal to the flash device.

sce 1 Output Provides the ncs signal to the flash
device.

sdo 1 Output Output port to feed data into flash device.

data0 1 Input Input port to feed data from flash device.

18.5. Software Programming Model

This section describes the software programming model for the EPCS/EPCQA serial
flash controller core. Intel provides HAL system library drivers that enable you to
erase and write the EPCS/EPCQA memory using the HAL API functions. Intel does not
publish the usage of the cores registers. Therefore, you must use the HAL drivers
provided by Intel to access the EPCS/EPCQA device.
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Related Information

Using Flash Devices

18.5.1. HAL System Library Support

The Intel-provided driver implements a HAL flash device driver that integrates into the
HAL system library for Nios II systems. Programs call the familiar HAL API functions to
program the EPCS/EPCQA memory. You do not need to know the details of the
underlying drivers to use them.

The driver for the EPCS/EPCQA device is excluded when the reduced device drivers
option is enabled in a BSP or system library. To force inclusion of the EPCS/EPCQA
drivers in a BSP with the reduced device drivers option enabled, you can define the
preprocessor symbol, ALT_USE_EPCS/EPCQA_FLASH, before including the header, as
follows:

#define ALT_USE_EPCS/EPCQA_FLASH

#include <altera_avalon_epcs_flash_controller.h>

The HAL API for programming flash, including C-code examples, is described in detail
in the Nios II Classic Software Developer's Handbook.

For details about managing and programming the EPCS/EPCQA device contents, refer
to the Nios II Flash Programmer User Guide.

18.5.2. Software Files

The EPCS/EPCQA serial flash controller core provides the following software files.
These files provide low-level access to the hardware and drivers that integrate into the
Nios II HAL system library. Application developers should not modify these files.

• altera_avalon_epcs_flash_controller.h,
altera_avalon_epcs_flash_controller.c—Header and source files that
define the drivers required for integration into the HAL system library.

• epcs_commands.h, epcs_commands.c—Header and source files that directly
control the EPCS/EPCQA device hardware to read and write the device. These files
also rely on the Intel FPGA SPI core drivers.

18.6. Driver API

Table 156. alt_epcs_flash_get_info

Prototype: alt_epcs_flash_get_info(alt_flash_fd* fd, flash_region** info, int* number_of_regions)

Include: <altera_avalon_epcs_flash_controller.h>

Parameter: • fd – pointer to general flash device structure
• info- pointer to the flash region
• number_of_regions- pointer to the number of regions

Return: Return 0 if successful and otherwise return:
• -ENOMEM for number of region more than maximum number of flash region
• -EIO for possibly hardware problem

Description: Pass the table of erase blocks to the user.
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Table 157. alt_epcs_flash_erase_block

Prototype: alt_epcs_flash_erase_block(alt_flash_dev* flash_info, int block_offset)

Include: <altera_avalon_epcs_flash_controller.h>

Parameter: • flash_info – pointer to flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be erased

Return: Return 0 if successful.

Description: Erase the selected erase block

Table 158. alt_epcs_flash_write_block

Prototype: alt_epcs_flash_write_block(alt_flash_dev* flash_info, int block_offset, int data_offset, const
void* data, int length)

Include: <altera_avalon_epcs_flash_controller.h>

Parameter: • flash_info – pointer to flash device structure
• block_offset- the base of the current erase block
• data_offset – absolute address of the beginning of the write-destination
• data – data to be written
• length – size of writing

Return: Return 0 if successful.

Description: Write one block/sector of data to the flash. The length of the write cannot spill into the
adjacent sector.

Table 159. alt_epcs_flash_write

Prototype: alt_epcs_flash_write (alt_flash_dev* flash_info, int offset, const void* src_addr, int length)

Include: <altera_avalon_epcs_flash_controller.h>

Parameter: • flash_info – pointer to flash device structure
• offset- byte offset (unaligned access) of write to flash memory
• src_addr – source buffer
• length – size of writing

Return: Return 0 if successful.

Description: Program the data into the flash at the selected address. This function automatically erases a
block as needed.

Table 160. alt_epcs_flash_read

Prototype: alt_epcs_flash_read(alt_flash_dev* flash_info, int offset, void* dest_addr, int length)

Include: <altera_avalon_epcs_flash_controller.h>

Parameter: • flash_info – pointer to flash device structure
• offset- offset read from flash memory
• dest_addr – destination buffer
• length – size of writing

Return: Return 0 if successful.

Description: Read data from flash at the selected address.
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18.7. EPCS/EPCQA Serial Flash Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Edited the description about EPCS/EPCQA Serial Flash Controller Core
support in Core Overview section.

2018.09.24 18.1 Added new sections: Interface Signals and Driver API.

2018.05.07 18.0 • Added information about discontinuance of EPCS devices in Core
Overview.

• Changed instances of EPCS to EPCS/EPCQA.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2013 v13.1.0 Removed Cyclone and Cyclone II device information in the "EPCS Serial
Flash Controller Core Register Map" table.

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Revised descriptions of register fields and bits.
Updated the section on HAL System Library Support.

March 2009 v9.0.0 Updated the boot ROM memory offset for other device families in the EPCS
Serial Flash Controller Core Register Map" table.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Updated the boot rom size.
Added additional steps to perform to connect output pins in Cyclone III
devices.
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19. Intel FPGA Serial Flash Controller Core
Intel FPGA Serial Flash Controller Core wraps around the ASMI Parallel IP and the logic
that converts the ASMI parallel conduit interface to Avalon interface. This IP core
supports the FMAX of 25MHz.

Note: The Intel FPGA Serial Flash Controller core does not support Nios V booting from QSPI
flash.

Related Information

Generic Serial Flash Interface Intel FPGA IP Core User Guide
For new designs, Intel recommends the Generic Serial Flash Interface Intel FPGA IP
core.

19.1. Parameters

Figure 65. Platform Designer Parameters

19.1.1. Configuration Device Types

The following device types can be selected through the configuration device type drop
down menu. Here you can specify the EPCQ type you want to use.

• EPCS16

• EPCS64

• EPCS128

• EPCQ16

• EPCQ32

• EPCQ64

• EPCQ128

• EPCQ256

• EPCQ512

• EPCQL256
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• EPCQL512

• EPCQL1024

• EPCQ4A

• EPCQ16A

• EPCQ32A

• EPCQ64A

• EPCQ128A

While using EPCS, EPCQ, or EPCQL devices for Intel FPGA Serial Flash Controller, you
must set MSEL pins for AS or ASx4 configuration scheme.

19.1.2. I/O Mode

From the parameters menu you can select either standard (AS configuration) or Quad
(ASx4 configuration) I/O mode.

19.1.3. Chip Selects

For Intel Arria 10 devices, you can select up to three flash chips from the parameters
menu.

19.1.4. Interface Signals

Table 161. Interface Signals

Signal Width Direction Description

Clock

clk 1 Input 25MHz maximum input
clock.

Reset

reset_n 1 Input Asynchronous reset used to
reset Quad SPI Controller

Avalon-MM Agent Interface for CSR (avl_csr)

avl_csr_addr 3 Input Avalon-MM address bus. The
address bus is in word
addressing.

avl_csr_read 1 Input Avalon-MM read control to
csr

avl_csr_write 1 Input Avalon-MM write control to
csr

avl_csr_waitrequest 1 Output Avalon-MM waitrequest
control from csr

avl_csr_wrdata 32 Input Avalon-MM write data bus to
csr

avl_csr_rddata 32 Output Avalon-MM read data bus
from csr

continued...   
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Signal Width Direction Description

avl_csr_rddata_valid 1 Output Avalon-MM read data valid
which indicates that csr read
data is available

Interrupt Signals

irq 1 Output Interrupt signal to determine
if there is an illegal write or
illegal erase

Avalon-MM Agent Interface for Memory Access (avl_ mem)

avl_mem_addr * Input Avalon-MM address bus. The
address bus is in word
addressing. The width of the
address will depends on the
flash memory density minus
2.
If you are using Intel Arria
10, then the MSB bits will be
used for chip select
information. User is allowed
to select the number of chip
select needed in the GUI.
If user selects 1 chip select,
there will be no extra bit
added to avl_mem_addr.
If user select 2 chip selects,
there will be one extra bit
added to avl_mem_addr.
Chip 1 – b’0
Chip 2 – b’1
If user select 3 chip selects,
there will be two extra bit
added to avl_mem_addr.
Chip 1 – b’00
Chip 2 – b’01
Chip 3 – b’10

avl_mem_read 1 Input Avalon-MM read control to
memory

avl_mem_write 1 Input Avalon-MM write control to
memory

avl_mem_wrdata 32 Input Avalon-MM write data bus to
memory

avl_mem_byteenble 4 Input Avalon-MM write data enable
bit to memory. During
bursting mode, byteenable
bus bit will be all high
always, 4’b1111.

avl_mem_burstcount 7 Input Avalon-MM burst count for
memory. Value range from 1
to 64

avl_mem_waitrequest 1 Output Avalon-MM waitrequest
control from memory

avl_mem_rddata 32 Output Avalon-MM read data bus
from memory

avl_mem_rddata_valid 1 Output Avalon-MM read data valid
which indicates that memory
read data is available

continued...   
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Signal Width Direction Description

Conduit Interface

flash_dataout 4 Input/Output Input/output port to feed
data from flash device

flash_dclk_out 1 Output Provides clock signal to the
flash device

flash_ncs 1/3 Output Provides the ncs signal to
the flash device

The Intel FPGA Serial Flash Controller supports FMAX at 25 MHz.

Note: When using the Intel FPGA Serial Flash Controller Core with an external EPCQ flash,
the interface mapping for control signal is not required.

19.2. Registers

19.2.1. Register Memory Map

Each address offset in the table below represents 1 word of memory address space.

Table 162. Register Memory Map

Register Offset Width Access Description

FLASH_RD_STATUS 0x0 8 R Perform read operation on flash device
status register and store the read back
data.

FLASH_RD_SID 0x1 8 R Perform read operation to extract flash
device silicon ID and store the read back
data. Only support in EPCS16 and EPCS64
flash devices.

FLASH_RD_RDID 0x2 8 R Perform read operation to extract flash
device memory capacity and store the read
back data.

FLASH_MEM_OP 0x3 24 W To protect and erase memory

FLASH_ISR 0x4 2 RW Interrupt status register

FLASH_IMR 0x5 2 RW To mask of interrupt status register

FLASH_CHIP_SELECT 0x6 3 W Chip select values:
• B’000/b’001 -chip 1
• B'010 - chip 2
• B'100 - chip 3
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19.2.2. Register Descriptions

19.2.2.1. FLASH_RD_STATUS

Table 163. FLASH_RD_STATUS

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_status

Table 164. FLASH_RD_STATUS Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_status This 8 bits data contain the information from read
status register operation. It keeps the information
from the flash status register.

R 0x0

19.2.2.2. FLASH_RD_SID

Table 165. FLASH_RD_SID

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_sid

Table 166. FLASH_RD_SID Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_sid This 8 bits data contain the information from read
silicon ID operation.

R 0x0

19.2.2.3. FLASH_RD_RDID

Table 167. FLASH_RD_RDID

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_rdid
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Table 168. FLASH_RD_RDID Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_rdid This 8 bits data contain the information from read
memory capacity operation. It keeps the information
of the flash manufacturing ID.

R 0x0

19.2.2.4. FLASH_MEM_OP

Table 169. FLASH_MEM_OP

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved Sector value

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Sector value Reserved Memory
protect/erase

operation

Table 170. FLASH_MEM_OP Fields

Bit Name Description Access Default
Value

31:24 Reserved Reserved - 0x0

23:8 Sector value Set the sector value of the flash device so that a
particular memory sector can be erasing or
protecting from erase or written. Please refer to the
"Valid Sector Combination for Sector Protect and
Sector Erase Command" section for more detail.

W 0x0

7:2 Reserved Reserved - 0x0

1:0 Memory protect/erase
operation

• 2’b11 – Sector protect:
Active-high port that executes the sector protect
operation. If asserted, the IP takes the value of
FLASH_MEM_OP[23:8] and writes to the FLASH
status register. The status register contains the
block protection bits that represent the memory
sector to be protected from write or erase.

• 2’b10 – Sector erase:
Active-high port that executes the sector erase
operation. If asserted, the IP starts erasing the
memory sector on the flash device based on
FLASH_MEM _OP[23:8] value.

• 2’b01 – Bulk erase
Active-high port that executes the bulk erase
operation. If asserted, the IP performs a full-
erase operation that sets all memory bits of the
flash device to ‘1’, which includes the general
purpose memory of the flash device. (Bulk erase
is not supported in stack-die such as EPCQ512-L
and EPCQ1024-L)

• 2’b00 – N/A

W 0x0

19. Intel FPGA Serial Flash Controller Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

227

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 228 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



19.2.2.4.1. Valid Sector Combination for Sector Protect and Sector Erase Command

Sector Protect

For the sector protect command, you are allowed to perform the operation on more
than one sector by giving the valid sector combination value to
FLASH_MEM_OP[23:8] .

There are only 5 bits needed to provide the sector combination value. Bit 13 to bit 23
are reserved and should be set to zero.

Table 171. FLASH_MEM_OP bits for Sector Value

23 ... ... 13 12 11 10 9 8

Reserved TB BP3 BP2 BP1 BP0

For more details about the sector combination values, refer to Quad-Serial
Configuration (EPCQ) Devices Datasheet

Sector Erase

For the sector erase command, you are allowed to perform the operation on one
sector at a time. Each sector contains of 65536 bytes of data, which is equivalent to
65536 address locations. You need to provide one sector value if you wish to erase to
FLASH_MEM_OP[23:8] . For example, if you want to erase sector 127 in flash 256,
you will need to assign ’b0000 0000 0111 1111 to FLASH_MEM_OP[23:8] .

Table 172. Number of sectors for different Flash Devices

EPCQ16 EPCQ32 EPCQ64 EPCQ128 EPCQ256 EPCQ512 EPCQ1024

Valid sector
range

0 to 31 0 to 63 0 to 127 0 to 255 0 to 511 0 to 1023 0 to 2047

19.2.2.5. FLASH_ISR

Table 173. FLASH_ISR

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Illegal
write

Illegal
erase
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Table 174. FLASH_ISR Fields

Bit Name Description Access Default
Value

31:2 Reserved Reserved - 0x0

1 Illegal write Indicates that a write instruction is targeting a
protected sector on the flash memory. This bit is set
to indicate that the IP has cancelled a write
instruction.

RW 1C 0x0

0 Illegal erase Indicates that an erase instruction has been set to a
protected sector on the flash memory. This bit is set
to indicate that the IP has cancelled the erase
instruction.

RW 1C 0x0

19.2.2.6. FLASH_IMR

Table 175. FLASH_IMR

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved M_ille
gal_w
rite

M_ille
gal_e
rase

Table 176. FLASH_IMR Fields

Bit Name Description Access Default
Value

31:2 Reserved Reserved - 0x0

1 M_illegal_write Mask bit for illegal write interrupt
• 0: The corresponding interrupt is disabled
• 1: The corresponding interrupt is enabled

RW 0x0

0 M_illegal_erase Mask bit for illegal erase interrupt
• 0: The corresponding interrupt is disabled
• 1: The corresponding interrupt is enabled

RW 0x0

19.2.2.7. FLASH_CHIP_SELECT

Table 177. FLASH_CHIP_SELECT

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Chip_
select
bit 3

Chip_
select
bit 2

Chip_
select
bit 1
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Table 178. FLASH_CHIP_SELECT Fields

Bit Name Description Access Default
Value

31:3 Reserved Reserved - 0x0

2 Chip_select bit 3 In order to select flash chip 3, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

1 Chip_select bit 2 In order to select flash chip 2, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

0 Chip_select bit 1 In order to select flash chip 1, issue 1 or 0 to this bit
while the rest of the bit to 0.

W 0x0

19.3. Nios II and Nios V Tools Support

Related Information

Using Flash Devices

19.3.1. Booting Nios II from Flash

Booting the Nios II from an flash will use a flow similar to Compact Flash Interface
(CFI). The boot copier used will be the same one used for CFI flash.

The boot copier will be located in flash. This has a potential performance impact on
the bootcopying process, which can be mitigated by using a flash cache.

There are two main scenarios when booting from flash:

• Executing in place

In this scenario, boot copier will not be required. Nios II will directly execute
customer code which located in flash.

• Boot copying the code to volatile memory

In this scenario, boot copier is required. Nios II will run the boot copier code
where the boot copier will copy customer code to volatile memory. This is normally
used when customer concern about their code run time performance.

19.3.1.1. Flash Memory Map and Setting Nios II Reset Vector when Using a Boot
Copier

The figure below shows what the flash memory map will look like when using a boot
copier. This memory map assumes a FPGA image is stored at the start.

19. Intel FPGA Serial Flash Controller Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

230

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 231 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Figure 66. EPCQ Flash Layout When Using Boot Copier

Customer Data (*.hex)

FPGA Image (*.sof)
0x00000000

0x0000E400

Boot Copier

Application Code

0x01E0E400

At the start of the memory map is the FPGA image, followed by the boot copier, the
application and then customer data. The size of the FPGA image is unknown and the
exact size can only be known after the Intel Quartus Prime compile. However, the Nios
II Reset Vector must be set in Platform Designer and must point to right after the
FPGA image (i.e. the start of the boot copier).

The customer will have to determine an upper bound for the size of the FPGA image
and will have to set the Nios II Reset Vector in Platform Designer to start after the
FPGA image(s).

19.3.1.2. Boot Copier File

The boot copier that will be used is the CFI boot copier, also known as memcpy-based
boot copier. We will provide the boot copier in one or more of the following formats:
Intel HEX, Quartus HEX or SREC.

19.3.1.3. When Nios II SBT will Append a Boot Copier

The Nios II SBT tools know whether to append a boot copier based on the .text linker
section location. If the .text linker section is located in a different memory than where
the reset vector points, it indicates a code copy is required. At this scenario a boot
copier is required. You can use the existing logic to generate a programming file with
or without a boot copier depending on the scenario.
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19.3.1.4. Creating HEX Programming File

The Nios II Software Build Tools (SBT) application Makefile “make mem_init_generate”
target is responsible for generating memory initialization files. This includes generating
programming files (SREC, HEX) used for flashing a flash memory and files for
initializing memory (DAT, HEX) in simulation.

In boot scenario 1 (Executing in place), “make mem_init_generate” should generate a
HEX file containing ELF loadable sections

In boot scenario 2 (Boot with copying the code to volatile memory), “make
mem_init_generate” should generate a HEX file containing both the boot copier and
ELF payload. “make mem_init_generate” is callable from SBT.

19.3.1.5. Programming the Flash

Programming the flash is done by using quartus_cpf to combine a compiled FPGA
image (SOF) with an application image (HEX file generated by Nios II SBT). The result
of this combination is a (POF) which can be programmed to the flash using the Intel
Quartus Prime Programmer.

In the Intel Quartus Prime software, "Convert Programming File tool" (quartus_cpf)
can be called by selecting File >> Convert Programming Files.

19.3.1.6. Custom Boot Copiers

Custom boot copiers can be used. “make mem_init_generate” calls conversion tools
under the hood for creating programming files from compiled ELFs. These tools have a
boot option to specify a custom boot copier. A user will need to call these underlying
conversion tools to generate a programming file with a custom boot copier.

19.3.1.7. Executing in Place

Executing in place should not be any different than executing in place with an On-chip
RAM. As long as both the Nios II reset and exception vectors point to the flash
memory, execution will happen in place.

The Nios II board support package (BSP) settings are edited to enable alt_load
function to copy the writable memory section into volatile memory and keep the read
only section in the flash memory.

19.3.2. Nios II and Nios V HAL Drivers

The HAL API is available for this controller in the following software files:

• altera_epcq_controller.h

• altera_epcq_controller.c

These files implement the Serial Flash Controller core device driver for the HAL system
library.

Nios II and Nios V HAL support a number of generic device model classes including
one for device flashes. Developing against these generic classes gives a consistent
interface for driver functions so that the HAL can access the driver functions uniformly.
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Please refer to the Flash Device Drivers section in the Developing Device Drivers for
the Hardware Abstraction Layer for more information.

Related Information

• Developing Device Drivers for the Hardware Abstraction Layer

• Nios II Configuration and Booting Solutions

19.4. Driver API

Table 179. alt_epcq_controller_lock

Prototype: alt_epcq_controller_lock(alt_flash_dev *flash_info, alt_u32 sectors_to_lock)

Include: <altera_epcq_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• sector_to_lock- block protection bits in EPCQ

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -ETIME for Time out and skipping the looping after 0.7sec
• -ENOLCK for Sectors lock failed

Description: Lock the range of memory sector which protected from write and erase.

Table 180. alt_epcq_controller_get_info

Prototype: alt_epcq_controller_get_info(alt_flash_dev *fd, flash_region **info, int *number_of_regions)

Include: <altera_epcq_controller.h>

Parameter: • fd – pointer to general flash device structure
• info- pointer to the flash region
• number_of_regions- pointer to the number of regions

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for possibly hardware problem

Description: Pass the table of erase blocks to the user. The flash returns a single flash region that gives
the number and size of sectors for the device used.

Table 181. alt_epcq_controller_erase_block

Prototype: alt_epcq_controller_erase_block(alt_flash_dev *flash_info, int block_offset)

Include: <altera_epcq_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be erased

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for erase failed and sector might be protected

Description: Erase a single flash sector.
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Table 182. alt_epcq_controller_write_block

Prototype: alt_epcq_controller_write_block(alt_flash_dev *flash_info, int block_offset, int data_offset,
const void *data, int length)

Include: <altera_epcq_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be written
• data-offset – byte offset (unaligned access) of write into memory
• data – data to be written
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Write one block/sector of data to the flash. The length of the write cannot spill into the
adjacent sector.

Table 183. alt_epcq_controller_write

Prototype: alt_epcq_controller_write (alt_flash_dev *flash_info, int offset, const void *src_addr, int
length)

Include: <altera_epcq_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset (unaligned access) of write to flash memory
• src_addr – source buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Program the data into the flash at the selected address. This function automatically erases a
block as needed.

Table 184. alt_epcq_controller_read

Prototype: alt_epcq_controller_read(alt_flash_dev *flash_info, int offset, void* dest_addr, int length)

Include: <altera_epcq_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset read from flash memory
• dest_addr – destination buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument

Description: Read data from flash at the selected address.
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19.5. Intel FPGA Serial Flash Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 • Changed Nios II Tools Support to Nios II and Nios V Tools Support.
• Changed Nios II HAL Driver to Nios II and Nios V HAL Drivers and

added Nios V processor in the description.

2021.10.04 21.3 Updated the description for the Generic Serial Flash Interface Intel FPGA IP
Core User Guide

2021.03.29 21.1 Clarified support for Intel Stratix 10 and Intel Agilex devices.

2018.09.24 18.1 • Correct the list of supported Configuration Device Types.
• Moved information about Controller II to a new chapter Intel FPGA

Serial Flash Controller II Core
• Added a new section: Driver API.

2018.05.07 18.0 • Added the FMAX values for both Intel FPGA Serial Flash Controller and
Controller II core.

• Added the register descriptions for Intel FPGA Serial Flash Controller II
core.

Date Version Changes

November 2017 2017.11.06 Added new configuration device types.

May 2017 2017.05.08 Added new section: Intel FPGA Serial Flash Controller II core

June 2015 2015.06.12 Initial release.
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20. Intel FPGA Serial Flash Controller II Core
The Intel FPGA Serial Flash Controller II wraps around the Intel FPGA ASMI2 Parallel
IP, and the logic that converts the ASMI2 Parallel conduit interface to Avalon interface.

The Intel FPGA Serial Flash Controller II supports FMAX at 50 MHz, while the Intel FPGA
Serial Flash Controller supports FMAX at 25 MHz.

Note: The Intel FPGA Serial Flash Controller II core does not support Nios V booting from
QSPI flash.

Related Information

Generic Serial Flash Interface Intel FPGA IP Core User Guide
For new designs, Intel recommends the Generic Serial Flash Interface Intel FPGA IP
core.

20.1. Parameters

Figure 67. Platform Designer Parameters

20.1.1. Configuration Device Types

The following device types can be selected through the configuration device type drop
down menu. Here you can specify the EPCQ.

• EPCQ16

• EPCQ32

• EPCQ64

• EPCQ128

• EPCQ256

• EPCQ512

• EPCQL256

• EPCQL512
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• EPCQL1024

• EPCQ4A

• EPCQ16A

• EPCQ32A

• EPCQ64A

• EPCQ128A

While using EPCS, EPCQ, or EPCQL device for Intel FPGA Serial Flash Controller II, you
must set MSEL pins for AS or ASx4 configuration scheme.

20.1.2. I/O Mode

From the parameters menu you can select either standard (AS configuration) or Quad
(ASx4 configuration) I/O mode.

20.1.3. Chip Selects

For Intel Arria 10 devices, you can select up to three flash chips from the parameters
menu.

20.1.4. Interface Signals

Table 185. Interface Signals

Signal Width Direction Description

Clock

clk 1 Input 50 MHz maximum input
clock.

Reset

reset_n 1 Input Asynchronous reset used to
reset Quad SPI Controller

Avalon-MM Agent Interface for CSR (avl_csr)

avl_csr_addr 3 Input Avalon-MM address bus. The
address bus is in word
addressing.

avl_csr_read 1 Input Avalon-MM read control to
csr

avl_csr_write 1 Input Avalon-MM write control to
csr

avl_csr_waitrequest 1 Output Avalon-MM waitrequest
control from csr

avl_csr_wrdata 32 Input Avalon-MM write data bus to
csr

avl_csr_rddata 32 Output Avalon-MM read data bus
from csr

avl_csr_rddata_valid 1 Output Avalon-MM read data valid
which indicates that csr read
data is available

continued...   
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Signal Width Direction Description

Avalon-MM Agent Interface for Memory Access (avl_ mem)

avl_mem_addr * Input Avalon-MM address bus. The
address bus is in word
addressing. The width of the
address will depends on the
flash memory density minus
2.
If you are using Intel Arria
10, then the MSB bits will be
used for chip select
information. User is allowed
to select the number of chip
select needed in the GUI.
If user selects 1 chip select,
there will be no extra bit
added to avl_mem_addr.
If user select 2 chip selects,
there will be one extra bit
added to avl_mem_addr.
Chip 1 – b’0
Chip 2 – b’1
If user select 3 chip selects,
there will be two extra bit
added to avl_mem_addr.
Chip 1 – b’00
Chip 2 – b’01
Chip 3 – b’10

avl_mem_read 1 Input Avalon-MM read control to
memory

avl_mem_write 1 Input Avalon-MM write control to
memory

avl_mem_wrdata 32 Input Avalon-MM write data bus to
memory

avl_mem_byteenble 4 Input Avalon-MM write data enable
bit to memory. During
bursting mode, byteenable
bus bit will be all high
always, 4’b1111.

avl_mem_burstcount 7 Input Avalon-MM burst count for
memory. Value range from 1
to 64

avl_mem_waitrequest 1 Output Avalon-MM waitrequest
control from memory

avl_mem_rddata 32 Output Avalon-MM read data bus
from memory

avl_mem_rddata_valid 1 Output Avalon-MM read data valid
which indicates that memory
read data is available

Conduit Interface

flash_dataout 4 Input/Output Input/output port to feed
data from flash device

flash_dclk_out 1 Output Provides clock signal to the
flash device

flash_ncs 1/3 Output Provides the ncs signal to
the flash device
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20.2. Registers

20.2.1. Register Memory Map

Each address offset in the table below represents 1 word of memory address space.

Table 186. Register Memory Map

Register Offset Width Access Description

FLASH_RD_STATUS 0x0 8 R Perform read operation on flash device
status register and store the read back
data.

FLASH_RD_RDID 0x2 8 R Perform read operation to extract flash
device memory capacity and store the read
back data.

FLASH_MEM_OP 0x3 24 W To protect, erase, and write enable memory.

FLASH_CHIP_SELECT 0x6 3 W Chip select values:
• b’000/b’001 - chip 1
• b'010 - chip 2
• b'100 - chip 3

EPCQ_FLAG_STATUS 0x7 8 RW Perform write/read operation to clear/read
flag status from the device.

DEVICE_ID_DATA_0 0x8 32 R First word of device ID data

DEVICE_ID_DATA_1 0x9 32 R Second word of device ID data

DEVICE_ID_DATA_2 0xA 32 R Third word of device ID data

DEVICE_ID_DATA_3 0xB 32 R Fourth word of device ID data

DEVICE_ID_DATA_4 0xC 32 R Fifth word of device ID data

20.2.2. Register Descriptions

20.2.2.1. FLASH_RD_STATUS

Table 187. FLASH_RD_STATUS

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_status

Table 188. FLASH_RD_STATUS Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_status This 8 bits data contain the information from read
status register operation. It keeps the information
from the flash status register.

R 0x0

20. Intel FPGA Serial Flash Controller II Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

239

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 240 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



20.2.2.2. FLASH_RD_RDID

Table 189. FLASH_RD_RDID

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_rdid

Table 190. FLASH_RD_RDID Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_rdid This 8 bits data contain the information from read
memory capacity operation. It keeps the information
of the flash manufacturing ID.

R 0x0

20.2.2.3. FLASH_MEM_OP

Table 191. FLASH_MEM_OP

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved Sector value

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Sector value Reserved Memory protect/erase/
write enable operation
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Table 192. FLASH_MEM_OP Fields

Bit Name Description Access Default
Value

31:18 Reserved Reserved - 0x0

23:8 Sector value Set the sector value of the flash device so that a
particular memory sector can be erasing or
protecting from erase or written. Please refer to the
Valid Sector Value for Sector Protect and Sector
Erase Command section for more detail.

W 0x0

7:3 Reserved Reserved - 0x0

2:0 Memory protect/erase/
write enable operation

• 3’b011 – Sector protect:
Active-high port that executes the sector protect
operation. If asserted, the IP takes the value of
FLASH_MEM_OP[23:8] and writes to the FLASH
status register. The status register contains the
block protection bits that represent the memory
sector to be protected from write or erase.

• 3’b010 – Sector erase:
Active-high port that executes the sector erase
operation. If asserted, the IP starts erasing the
memory sector on the flash device based on
FLASH_MEM _OP[23:8] value.

• 3’b001 – Bulk erase
Active-high port that executes the bulk erase
operation. If asserted, the IP performs a full-
erase operation that sets all memory bits of the
flash device to ‘1’, which includes the general
purpose memory of the flash device. (Bulk erase
is not supported in stack-die such as EPCQ512-L
and EPCQ1024-L)

• 3’b100 – Write Enable Operation
All other options are N/A.
For more information about how to perform the low
level access operation, refer to the respective flash
datasheet.

W 0x0

20.2.2.3.1. Valid Sector Combination for Sector Protect and Sector Erase Command

Sector Protect

For the sector protect command, you are allowed to perform the operation on more
than one sector by giving the valid sector combination value to
FLASH_MEM_OP[23:8] .

There are only 5 bits needed to provide the sector combination value. Bit 13 to bit 23
are reserved and should be set to zero.

Table 193. FLASH_MEM_OP bits for Sector Value

23 ... ... 13 12 11 10 9 8

Reserved TB BP3 BP2 BP1 BP0

For more details about the sector combination values, refer to Quad-Serial
Configuration (EPCQ) Devices Datasheet
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Sector Erase

For the sector erase command, you are allowed to perform the operation on one
sector at a time. Each sector contains of 65536 bytes of data, which is equivalent to
65536 address locations. You need to provide one sector value if you wish to erase to
FLASH_MEM_OP[23:8] . For example, if you want to erase sector 127 in flash 256,
you will need to assign ’b0000 0000 0111 1111 to FLASH_MEM_OP[23:8] .

Table 194. Number of sectors for different Flash Devices

EPCQ16 EPCQ32 EPCQ64 EPCQ128 EPCQ256 EPCQ512 EPCQ1024

Valid sector
range

0 to 31 0 to 63 0 to 127 0 to 255 0 to 511 0 to 1023 0 to 2047

20.2.2.4. FLASH_CHIP_SELECT

Table 195. FLASH_CHIP_SELECT

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Chip_
select
bit 3

Chip_
select
bit 2

Chip_
select
bit 1

Table 196. FLASH_CHIP_SELECT Fields

Bit Name Description Access Default
Value

31:3 Reserved Reserved - 0x0

2 Chip_select bit 3 In order to select flash chip 3, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

1 Chip_select bit 2 In order to select flash chip 2, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

0 Chip_select bit 1 In order to select flash chip 1, issue 1 or 0 to this bit
while the rest of the bit to 0.

W 0x0

20.2.2.5. EPCQ_FLAG_STATUS

Table 197. EPCQ_FLAG_STATUS

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved flag_status
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Table 198. EPCQ_FLAG_STATUS Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 flag_status(21) This 8 bits data contain the information from read
status register operation. It keeps the information
from the flash status register. Clear the flag status
register by writing value of 0 to the
EPCQ_FLAG_STATUS register. Any value other than 0
is illegal.

RW 0x0

20.2.2.6. DEVICE_ID_DATA_x

Table 199. DEVICE_ID_DATA_x

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

DEVICE_ID_DATA_x

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

DEVICE_ID_DATA_x

Table 200. DEVICE_ID_DATA_x Fields

Bit Name Description Access Default
Value

31:0 DEVICE_ID_DATA_0 First word of device ID data R 0x0

31:0 DEVICE_ID_DATA_1 Second word of device ID data R 0x0

31:0 DEVICE_ID_DATA_2 Third word of device ID data R 0x0

31:0 DEVICE_ID_DATA_3 Fourth word of device ID data R 0x0

31:0 DEVICE_ID_DATA_4 Fifth word of device ID data R 0x0

20.3. Nios II and Nios V Tools Support

Related Information

Using Flash Devices

20.3.1. Booting Nios II from Flash

Booting the Nios II from an flash will use a flow similar to Compact Flash Interface
(CFI). The boot copier used will be the same one used for CFI flash.

The boot copier will be located in flash. This has a potential performance impact on
the bootcopying process, which can be mitigated by using a flash cache.

(21) The Flag Status Register must be read every time a erase command is issued.
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There are two main scenarios when booting from flash:

• Executing in place

In this scenario, boot copier will not be required. Nios II will directly execute
customer code which located in flash.

• Boot copying the code to volatile memory

In this scenario, boot copier is required. Nios II will run the boot copier code
where the boot copier will copy customer code to volatile memory. This is normally
used when customer concern about their code run time performance.

20.3.1.1. Flash Memory Map and Setting Nios II Reset Vector when Using a Boot
Copier

The figure below shows what the flash memory map will look like when using a boot
copier. This memory map assumes a FPGA image is stored at the start.

Figure 68. EPCQ Flash Layout When Using Boot Copier

Customer Data (*.hex)

FPGA Image (*.sof)
0x00000000

0x0000E400

Boot Copier

Application Code

0x01E0E400

At the start of the memory map is the FPGA image, followed by the boot copier, the
application and then customer data. The size of the FPGA image is unknown and the
exact size can only be known after the Intel Quartus Prime compile. However, the Nios
II Reset Vector must be set in Platform Designer and must point to right after the
FPGA image (i.e. the start of the boot copier).

The customer will have to determine an upper bound for the size of the FPGA image
and will have to set the Nios II Reset Vector in Platform Designer to start after the
FPGA image(s).

20. Intel FPGA Serial Flash Controller II Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

244

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 245 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



20.3.1.2. Boot Copier File

The boot copier that will be used is the CFI boot copier, also known as memcpy-based
boot copier. We will provide the boot copier in one or more of the following formats:
Intel HEX, Quartus HEX or SREC.

20.3.1.3. When Nios II SBT will Append a Boot Copier

The Nios II SBT tools know whether to append a boot copier based on the .text linker
section location. If the .text linker section is located in a different memory than where
the reset vector points, it indicates a code copy is required. At this scenario a boot
copier is required. You can use the existing logic to generate a programming file with
or without a boot copier depending on the scenario.

20.3.1.4. Creating HEX Programming File

The Nios II Software Build Tools (SBT) application Makefile “make mem_init_generate”
target is responsible for generating memory initialization files. This includes generating
programming files (SREC, HEX) used for flashing a flash memory and files for
initializing memory (DAT, HEX) in simulation.

In boot scenario 1 (Executing in place), “make mem_init_generate” should generate a
HEX file containing ELF loadable sections

In boot scenario 2 (Boot with copying the code to volatile memory), “make
mem_init_generate” should generate a HEX file containing both the boot copier and
ELF payload. “make mem_init_generate” is callable from SBT.

20.3.1.5. Programming the Flash

Programming the flash is done by using quartus_cpf to combine a compiled FPGA
image (SOF) with an application image (HEX file generated by Nios II SBT). The result
of this combination is a (POF) which can be programmed to the flash using the Intel
Quartus Prime Programmer.

In the Intel Quartus Prime software, "Convert Programming File tool" (quartus_cpf)
can be called by selecting File >> Convert Programming Files.

20.3.1.6. Custom Boot Copiers

Custom boot copiers can be used. “make mem_init_generate” calls conversion tools
under the hood for creating programming files from compiled ELFs. These tools have a
boot option to specify a custom boot copier. A user will need to call these underlying
conversion tools to generate a programming file with a custom boot copier.

20.3.1.7. Executing in Place

Executing in place should not be any different than executing in place with an On-chip
RAM. As long as both the Nios II reset and exception vectors point to the flash
memory, execution will happen in place.

The Nios II board support package (BSP) settings are edited to enable alt_load
function to copy the writable memory section into volatile memory and keep the read
only section in the flash memory.
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20.3.2. Nios II and Nios V HAL Drivers

The HAL API is available for this controller in the following software files:

• altera_epcq_controller2.h

• altera_epcq_controller2.c

These files implement the Serial Flash Controller II core device driver for the HAL
system library.

Nios II and Nios V HAL support a number of generic device model classes including
one for device flashes. Developing against these generic classes gives a consistent
interface for driver functions so that the HAL can access the driver functions uniformly.

Please refer to the Flash Device Drivers section in the Developing Device Drivers for
the Hardware Abstraction Layer for more information.

20.4. Driver API

Table 201. alt_epcq_controller2_lock

Prototype: alt_epcq_controller2_lock(alt_flash_dev *flash_info, alt_u32 sectors_to_lock)

Include: <altera_epcq_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• sector_to_lock- block protection bits in EPCQ

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -ETIME for Time out and skipping the looping after 0.7sec
• -ENOLCK for Sectors lock failed

Description: Lock the range of memory sector which protected from write and erase.

Table 202. alt_epcq_controller2_get_info

Prototype: alt_epcq_controller2_get_info(alt_flash_dev *fd, flash_region **info, int
*number_of_regions)

Include: <altera_epcq_controller2.h>

Parameter: • fd – pointer to general flash device structure
• info- pointer to the flash region
• number_of_regions- pointer to the number of regions

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for possibly hardware problem

Description: Pass the table of erase blocks to the user. The flash returns a single flash region that gives
the number and size of sectors for the device used.

Table 203. alt_epcq_controller2_erase_block

Prototype: alt_epcq_controller2_erase_block(alt_flash_dev *flash_info, int block_offset)

Include: <altera_epcq_controller2.h>
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Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be erased

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for erase failed and sector might be protected

Description: Erase a single flash sector.

Table 204. alt_epcq_controller2_write_block

Prototype: alt_epcq_controller2_write_block(alt_flash_dev *flash_info, int block_offset, int data_offset,
const void *data, int length)

Include: <altera_epcq_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be written
• data-offset – byte offset (unaligned access) of write into memory
• data – data to be written
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Write one block/sector of data to the flash. The length of the write cannot spill into the
adjacent sector.

Table 205. alt_epcq_controller2_write

Prototype: alt_epcq_controller2_write (alt_flash_dev *flash_info, int offset, const void *src_addr, int
length)

Include: <altera_epcq_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset (unaligned access) of write to flash memory
• src_addr – source buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Program the data into the flash at the selected address. This function automatically erases a
block as needed.

Table 206. alt_epcq_controller2_read

Prototype: alt_epcq_controller2_read(alt_flash_dev *flash_info, int offset, void* dest_addr, int length)

Include: <altera_epcq_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset read from flash memory
• dest_addr – destination buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument

Description: Read data from flash at the selected address.
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20.5. Intel FPGA Serial Flash Controller II Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 • Changed Nios II Tools Support to Nios II and Nios V Tools Support.
• Changed Nios II HAL Driver to Nios II and Nios V HAL Drivers and

added Nios V processor in the description.

2021.10.04 21.3 Updated the description for the Generic Serial Flash Interface Intel FPGA IP
Core User Guide

2021.03.29 21.1 Clarified support for Intel Stratix 10 and Intel Agilex devices.

2019.12.16 19.4 Removed the irq interrupt signal.

2019.04.01 19.1 Removed FLASH_ISR and FLASH_IMR registers.

2018.09.24 18.1 • Created this new chapter from the previous version's combined
chapter: Intel FPGA Serial Flash Controller and Controller II Core.

• Added a new section: Driver API.
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21. Intel FPGA Generic QUAD SPI Controller Core
The Intel FPGA Generic QUAD SPI Controller Core wraps around the Intel FPGA ASMI
PARALLEL IP, and a soft ASMI block. The flash interface is exported to the top wrapper.

Note: The Intel FPGA Generic QUAD SPI Controller core does not support Nios V booting
from QSPI flash.

Figure 69. Intel FPGA Generic QUAD SPI Controller Block Diagram

Generic Quad SPI Controller

ASMI 
Parallel IP Core 

ASMI  Soft Block

EPCQ Controller IP

Serial 
Flash 

Memory

clk

reset_n

avl_csr

avl_mem

IRQ

Related Information

Generic Serial Flash Interface Intel FPGA IP Core User Guide
For new designs, Intel recommends the Generic Serial Flash Interface Intel FPGA IP
core.

21.1. Parameters

Figure 70. Platform Designer Parameters
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21.1.1. Configuration Device Types

The following device types can be selected through the configuration device type drop
down menu. Here you can specify the EPCQ or Micron flash type you want to use.

• EPCQ16

• EPCQ32

• EPCQ64

• EPCQ128

• EPCQ256

• EPCQ512

• EPCQL256

• EPCQL512

• EPCQL1024

• N25Q016A13ESF40

• N25Q032A13ESF40

• N25Q064A13ESF40

• N25Q128A13ESF40

• N25Q256A13ESF40

• N25Q256A13ESF40 (low voltage)

• MT25QL512ABA

• MT25QL512ABB

• N25Q512A11G1240 (low voltage)

• N25Q00AA11G1240 (low voltage)

• N25Q512A83GSF40F

While using EPCQ, or EPCQL device for Intel FPGA Generic QUAD SPI Controller, you
must set MSEL pins for ASx4 configuration scheme.

21.1.2. I/O Mode

From the parameters menu you can select either standard or QUAD I/O mode.

21.1.3. Chip Selects

You can choose up to three flash chips from the parameter's menu.

Note: This feature is only for Intel Arria 10 and Intel Cyclone 10 GX devices.
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21.1.4. Interface Signals

Table 207. Interface Signals

Signal Width Direction Description

Clock

clk 1 Input up to 25MHz input clock.

Reset

reset_n 1 Input Asynchronous reset used to
reset QUAD SPI controller

Avalon-MM Agent Interface for CSR (avl_csr)

avl_csr_addr 3 Input Avalon-MM address bus. The
address bus is in word
addressing.

avl_csr_read 1 Input Avalon-MM read control to
csr

avl_csr_write 1 Input Avalon-MM write control to
csr

avl_csr_waitrequest 1 Output Avalon-MM waitrequest
control from csr

avl_csr_wrdata 32 Input Avalon-MM write data bus to
csr

avl_csr_rddata 32 Output Avalon-MM read data bus
from csr

avl_csr_rddata_valid 1 Output Avalon-MM read data valid
which indicates that csr read
data is available

Interrupt Signals

irq 1 Output Interrupt signal to determine
if there is an illegal write or
illegal erase

Avalon-MM Agent Interface for Memory Access (avl_ mem)

avl_mem_addr * Input Avalon-MM address bus. The
address bus is in word
addressing. The width of the
address will depends on the
flash memory density minus
2.
If you are using Intel Arria
10, then the MSB bits will be
used for chip select
information. User is allowed
to select the number of chip
select needed in the GUI.
If user selects 1 chip select,
there will be no extra bit
added to avl_mem_addr.
If user select 2 chip selects,
there will be one extra bit
added to avl_mem_addr.
Chip 1 – b’0
Chip 2 – b’1
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Signal Width Direction Description

If user select 3 chip selects,
there will be two extra bit
added to avl_mem_addr.
Chip 1 – b’00
Chip 2 – b’01
Chip 3 – b’10

avl_mem_read 1 Input Avalon-MM read control to
memory

avl_mem_write 1 Input Avalon-MM write control to
memory

avl_mem_wrdata 32 Input Avalon-MM write data bus to
memory

avl_mem_byteenble 4 Input Avalon-MM write data enable
bit to memory. During
bursting mode, byteenable
bus bit will be all high
always, 4’b1111.

avl_mem_burstcount 7 Input Avalon-MM burst count for
memory. Value range from 1
to 64

avl_mem_waitrequest 1 Output Avalon-MM waitrequest
control from memory

avl_mem_rddata 32 Output Avalon-MM read data bus
from memory

avl_mem_rddata_valid 1 Output Avalon-MM read data valid
which indicates that memory
read data is available

Conduit Interface

flash_dataout 4 Input/Output Input/output port to feed
data from flash device

flash_dclk_out 1 Output Provides clock signal to the
flash device

flash_ncs 1/3 Output Provides the ncs signal to
the flash device

21.2. Registers

21.2.1. Register Memory Map

Each address offset in the table below represents 1 word of memory address space.

Table 208. Register Memory Map

Register Offset Width Access Description

FLASH_RD_STATUS 0x0 8 R Perform read operation on flash device
status register and store the read back
data.

FLASH_RD_SID 0x1 8 R Perform read operation to extract flash
device silicon ID and store the read back
data. Only support in EPCS16 and EPCS64
flash devices.
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Register Offset Width Access Description

FLASH_RD_RDID 0x2 8 R Perform read operation to extract flash
device memory capacity and store the read
back data.

FLASH_MEM_OP 0x3 24 W To protect and erase memory

FLASH_ISR 0x4 2 RW Interrupt status register

FLASH_IMR 0x5 2 RW To mask of interrupt status register

FLASH_CHIP_SELECT 0x6 3 W Chip select values:
• B’000/b’001 -chip 1
• B'010 - chip 2
• B'100 - chip 3

21.2.2. Register Descriptions

21.2.2.1. FLASH_RD_STATUS

Table 209. FLASH_RD_STATUS

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_status

Table 210. FLASH_RD_STATUS Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_status This 8 bits data contain the information from read
status register operation. It keeps the information
from the flash status register.

R 0x0

21.2.2.2. FLASH_RD_SID

Table 211. FLASH_RD_SID

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_sid
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Table 212. FLASH_RD_SID Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_sid This 8 bits data contain the information from read
silicon ID operation.

R 0x0

21.2.2.3. FLASH_RD_RDID

Table 213. FLASH_RD_RDID

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_rdid

Table 214. FLASH_RD_RDID Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_rdid This 8 bits data contain the information from read
memory capacity operation. It keeps the information
of the flash manufacturing ID.

R 0x0

21.2.2.4. FLASH_MEM_OP

Table 215. FLASH_MEM_OP

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved Sector value

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Sector value Reserved Memory
protect/erase

operation
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Table 216. FLASH_MEM_OP Fields

Bit Name Description Access Default
Value

31:18 Reserved Reserved - 0x0

23:8 Sector value Set the sector value of the flash device so that a
particular memory sector can be erasing or
protecting from erase or written. Please refer to the
Valid Sector Value for Sector Protect and Sector
Erase Command section for more detail.

W 0x0

7:2 Reserved Reserved - 0x0

1:0 Memory protect/erase
operation

• 2’b11 – Sector protect:
Active-high port that executes the sector protect
operation. If asserted, the IP takes the value of
FLASH_MEM_OP[23:8] and writes to the FLASH
status register. The status register contains the
block protection bits that represent the memory
sector to be protected from write or erase.

• 2’b10 – Sector erase:
Active-high port that executes the sector erase
operation. If asserted, the IP starts erasing the
memory sector on the flash device based on
FLASH_MEM _OP[23:8] value.

• 2’b01 – Bulk erase
Active-high port that executes the bulk erase
operation. If asserted, the IP performs a full-
erase operation that sets all memory bits of the
flash device to ‘1’, which includes the general
purpose memory of the flash device. (Bulk erase
is not supported in stack-die such as EPCQ512-L
and EPCQ1024-L)

• 2’b00 – N/A

W 0x0

21.2.2.4.1. Valid Sector Combination for Sector Protect and Sector Erase Command

Sector Protect

For the sector protect command, you are allowed to perform the operation on more
than one sector by giving the valid sector combination value to
FLASH_MEM_OP[23:8] .

There are only 5 bits needed to provide the sector combination value. Bit 13 to bit 23
are reserved and should be set to zero.

Table 217. FLASH_MEM_OP bits for Sector Value

23 ... ... 13 12 11 10 9 8

Reserved TB BP3 BP2 BP1 BP0

For more details about the sector combination values, refer to Quad-Serial
Configuration (EPCQ) Devices Datasheet
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Sector Erase

For the sector erase command, you are allowed to perform the operation on one
sector at a time. Each sector contains of 65536 bytes of data, which is equivalent to
65536 address locations. You need to provide one sector value if you wish to erase to
FLASH_MEM_OP[23:8] . For example, if you want to erase sector 127 in flash 256,
you will need to assign ’b0000 0000 0111 1111 to FLASH_MEM_OP[23:8] .

Table 218. Number of sectors for different Flash Devices

EPCQ16 EPCQ32 EPCQ64 EPCQ128 EPCQ256 EPCQ512 EPCQ1024

Valid sector
range

0 to 31 0 to 63 0 to 127 0 to 255 0 to 511 0 to 1023 0 to 2047

21.2.2.5. FLASH_ISR

Table 219. FLASH_ISR

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Illegal
write

Illegal
erase

Table 220. FLASH_ISR Fields

Bit Name Description Access Default
Value

31:2 Reserved Reserved - 0x0

1 Illegal write Indicates that a write instruction is targeting a
protected sector on the flash memory. This bit is set
to indicate that the IP has canceled a write
instruction.

RW 1C 0x0

0 Illegal erase Indicates that an erase instruction has been set to a
protected sector on the flash memory. This bit is set
to indicate that the IP has canceled the erase
instruction.

RW 1C 0x0

21.2.2.6. FLASH_IMR

Table 221. FLASH_IMR

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved M_ille
gal_w
rite

M_ille
gal_e
rase
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Table 222. FLASH_IMR Fields

Bit Name Description Access Default
Value

31:2 Reserved Reserved - 0x0

1 M_illegal_write Mask bit for illegal write interrupt
• 0: The corresponding interrupt is disabled
• 1: The corresponding interrupt is enabled

RW 0x0

0 M_illegal_erase Mask bit for illegal erase interrupt
• 0: The corresponding interrupt is disabled
• 1: The corresponding interrupt is enabled

RW 0x0

21.2.2.7. FLASH_CHIP_SELECT

Table 223. FLASH_CHIP_SELECT

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Chip_
select
bit 3

Chip_
select
bit 2

Chip_
select
bit 1

Table 224. FLASH_CHIP_SELECT Fields

Bit Name Description Access Default
Value

31:3 Reserved Reserved - 0x0

2 Chip_select bit 3 In order to select flash chip 3, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

1 Chip_select bit 2 In order to select flash chip 2, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

0 Chip_select bit 1 In order to select flash chip 1, issue 1 or 0 to this bit
while the rest of the bit to 0.

W 0x0

21.3. Nios II and Nios V Tools Support

Related Information

• Using Flash Devices

• Nios II Configuration and Booting Solutions
For more information about booting Nios II from Flash.

21.3.1. Nios II and Nios V HAL Drivers

The HAL API is available for this controller in the following software files:

• altera_generic_quad_spi_controller.h

• altera_generic_quad_spi_controller.c

These files implement the Generic Quad SPI Controller core device driver for the HAL
system library.
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Nios II and Nios V HAL support a number of generic device model classes including
one for device flashes. Developing against these generic classes gives a consistent
interface for driver functions so that the HAL can access the driver functions uniformly.

Please refer to the Flash Device Drivers section in the Developing Device Drivers for
the Hardware Abstraction Layer for more information.

Related Information

• Developing Device Drivers for the Hardware Abstraction Layer

• Using Flash Devices
For more information about using the generic flash HAL driver to access flash.

21.4. Driver API

Table 225. alt_qspi_controller_lock

Prototype: alt_qspi_controller_lock(alt_flash_dev *flash_info, alt_u32 sectors_to_lock)

Include: <altera_qspi_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• sector_to_lock- block protection bits in EPCQ

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -ETIME for Time out and skipping the looping after 0.7sec
• -ENOLCK for Sectors lock failed

Description: Lock the range of memory sector which protected from write and erase.

Table 226. alt_qspi_controller_get_info

Prototype: alt_qspi_controller_get_info(alt_flash_dev *fd, flash_region **info, int *number_of_regions)

Include: <altera_qspi_controller.h>

Parameter: • fd – pointer to general flash device structure
• info- pointer to the flash region
• number_of_regions- pointer to the number of regions

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for possibly hardware problem

Description: Pass the table of erase blocks to the user. The flash returns a single flash region that gives
the number and size of sectors for the device used.

Table 227. alt_qspi_controller_erase_block

Prototype: alt_qspi_controller_erase_block(alt_flash_dev *flash_info, int block_offset)

Include: <altera_qspi_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be erased

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for erase failed and sector might be protected

Description: Erase a single flash sector.
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Table 228. alt_qspi_controller_write_block

Prototype: alt_qspi_controller_write_block(alt_flash_dev *flash_info, int block_offset, int data_offset,
const void *data, int length)

Include: <altera_qspi_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be written
• data-offset – byte offset (unaligned access) of write into memory
• data – data to be written
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Write one block/sector of data to the flash. The length of the write cannot spill into the
adjacent sector.

Table 229. alt_qspi_controller_write

Prototype: alt_qspi_controller_write (alt_flash_dev *flash_info, int offset, const void *src_addr, int
length)

Include: <altera_qspi_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset (unaligned access) of write to flash memory
• src_addr – source buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Program the data into the flash at the selected address. This function automatically erases a
block as needed.

Table 230. alt_qspi_controller_read

Prototype: alt_qspi_controller_read(alt_flash_dev *flash_info, int offset, void* dest_addr, int length)

Include: <altera_qspi_controller.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset read from flash memory
• dest_addr – destination buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument

Description: Read data from flash at the selected address.
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21.5. Intel FPGA Generic QUAD SPI Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 • Edited the description about Intel FPGA Generic QUAD SPI Controller
core support for Nios V processor.

• Changed Nios II Tools Support to Nios II and Nios V Tools Support.
• Changed Nios II HAL Driver to Nios II and Nios V HAL Drivers and

added Nios V processor in the description.

2021.10.04 21.3 Updated the description for the Generic Serial Flash Interface Intel FPGA IP
Core User Guide

2021.03.29 21.1 Clarified support for Intel Stratix 10 and Intel Agilex devices.

2019.04.01 19.1 Added support for configuration device MT25QL512ABB.

2018.09.24 18.1 • Moved information about Controller II to a new chapter Intel FPGA
Generic QUAD SPI Controller II Core

• Added a new section: Driver API.

2018.05.07 18.0 • Corrected the list of Configuration Device Types.
• Added the register descriptions for Intel FPGA Generic QUAD SPI

Controller II core.

Date Version Changes

November 2017 2017.11.06 Added information about the write enable operation in Table: Register
Memory Map for Intel FPGA Generic QUAD SPI Controller II core.

May 2017 2017.05.08 Added new section: Intel FPGA Generic QUAD SPI Controller II core.

June 2015 2015.06.12 Initial release.
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22. Intel FPGA Generic QUAD SPI Controller II Core
The Generic QUAD SPI Controller II wraps around the Intel FPGA ASMI2 PARALLEL IP,
and a soft ASMI block. The flash interface is exported to the top wrapper.

Note: The Intel FPGA Generic QUAD SPI Controller II core does not support Nios V booting
from QSPI flash.

Related Information

• Generic Serial Flash Interface Intel FPGA IP Core User Guide
For new designs, Intel recommends the Generic Serial Flash Interface Intel
FPGA IP core.

• AN 932: Flash Access Migration Guidelines from Control Block-Based Devices to
SDM-Based Devices

Provides guidelines on flash access when migrating from control block-based
(Intel Arria 10 and V-Series) devices to SDM-based Intel Stratix 10 and Intel
Agilex) devices.

22.1. Parameters

Figure 71. Platform Designer Parameters

22.1.1. Disable Dedicated Active Serial Interface

Enable this parameter to route ASMIBLOCK signals to top level of design when
exporting flash pins to GPIO.

Note: This parameter is enabled by default. Starting Intel Quartus Prime software version
21.1, this parameter is disabled in Intel Stratix 10 devices.

22.1.2. Enable SPI Pins Interface

Enable this parameter to translate ASMIBLOCK signals to SPI pins interface.
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22.1.3. Enable Flash Simulation Model

Enable this parameter to use dedicated flash simulation model shipped with IP,
otherwise you have to connect flash model manually.

Note: This parameter is only available in the Intel Quartus Prime Pro Edition.

22.1.4. Configuration Device Types

The following device types can be selected through the configuration device type drop
down menu. Here you can specify the EPCQ or Micron flash type you want to use.

• EPCQ16(22)

• EPCQ32(22)

• EPCQ64(22)

• EPCQ128(22)

• EPCQ256(22)

• EPCQ512(22)

• EPCQL256(22)

• EPCQL512(22)

• EPCQL1024(22)

• N25Q016A13ESF40

• N25Q032A13ESF40

• N25Q064A13ESF40

• N25Q128A13ESF40

• N25Q256A13ESF40

• N25Q256A11E1240 (low voltage)

• MT25QL512ABA

• N25Q512A11G1240 (low voltage)

• N25Q00AA11G1240 (low voltage)

• N25Q512A83GSF40F

• MT25QL256

• MT25QL512

• MT25QU256

• MT25QU512

• MT25QU01G

While using EPCQ, or EPCQL device for Intel FPGA Generic QUAD SPI Controller II, you
must set MSEL pins for ASx4 configuration scheme.

(22) Micron Compatible
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22.1.5. I/O Mode

From the parameters menu you can select either standard or QUAD I/O mode.

22.1.6. Chip Selects

You can choose up to three flash chips from the parameter's menu.

Note: This feature is only for Intel Arria 10 and Intel Cyclone 10 GX devices.

22.2. Interface Signals

Table 231. Interface Signals

Signal Width Direction Description

Clock

clk 1 Input up to 40MHz input clock.

Reset

reset_n 1 Input Asynchronous reset used to reset QUAD SPI controller

Avalon-MM Agent Interface for CSR (avl_csr)

avl_csr_addr 3 Input Avalon-MM address bus. The address bus is in word addressing.

avl_csr_read 1 Input Avalon-MM read control to csr

avl_csr_write 1 Input Avalon-MM write control to csr

avl_csr_waitre
quest

1 Output Avalon-MM waitrequest control from csr

avl_csr_wrdata 32 Input Avalon-MM write data bus to csr

avl_csr_rddata 32 Output Avalon-MM read data bus from csr

avl_csr_rddata
_valid

1 Output Avalon-MM read data valid which indicates that csr read data is
available

Avalon-MM Agent Interface for Memory Access (avl_ mem)

avl_mem_addr * Input Avalon-MM address bus. The address bus is in word addressing.
The width of the address will depends on the flash memory
density minus 2.
If you are using Intel Arria 10, then the MSB bits will be used
for chip select information. User is allowed to select the
number of chip select needed in the GUI.
If user selects 1 chip select, there will be no extra bit added to
avl_mem_addr.
If user select 2 chip selects, there will be one extra bit added to
avl_mem_addr.
Chip 1 – b’0
Chip 2 – b’1
If user select 3 chip selects, there will be two extra bit added to
avl_mem_addr.
Chip 1 – b’00
Chip 2 – b’01
Chip 3 – b’10

avl_mem_read 1 Input Avalon-MM read control to memory

continued...   

22. Intel FPGA Generic QUAD SPI Controller II Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

263

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 264 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Signal Width Direction Description

avl_mem_write 1 Input Avalon-MM write control to memory

avl_mem_wrdata 32 Input Avalon-MM write data bus to memory

avl_mem_byteen
ble

4 Input Avalon-MM write data enable bit to memory. During bursting
mode, byteenable bus bit will be all high always, 4’b1111.

avl_mem_burstc
ount

7 Input Avalon-MM burst count for memory. Value range from 1 to 64

avl_mem_waitre
quest

1 Output Avalon-MM waitrequest control from memory

avl_mem_rddata 32 Output Avalon-MM read data bus from memory

avl_mem_rddata
_valid

1 Output Avalon-MM read data valid which indicates that memory read
data is available

Conduit Interface

flash_dataout 4 Input/Output Input/output port to feed data from flash device

flash_dclk_out 1 Output Provides clock signal to the flash device

flash_ncs 1/3 Output Provides the ncs signal to the flash device

atom_ports_dclk(23
)

1 Output Provides clock signal to the flash device through ASMI block.

atom_ports_ncs(23) 1/3 Output Provides the ncs signal to the flash device through ASMI block.

atom_ports_oe(23) 1 Output Active-low signal to enable dclk and ncs pins to the flash
through ASMI block.

atom_ports_dataou
t(23)

4 Output Control signal from FPGA design to AS data pin for sending
data into the flash through ASMI block.

atom_ports_dataoe
(23)

4 Output Controls AS data pin either as input or output:
• b’0 – AS data pin as input
• b’1 – AS data pin as output

atom_ports_datain(
23)

4 Input Signal from AS data pin to FPGA design through ASMI block.

qspi_pins_dclk(24) 1 Output Provides clock signal to the flash device.

qspi_pins_ncs(24) 1/3 Output Provides the ncs signal to the flash device.

qspi_pins_data(24) 4 Input/Output Input/output port to feed data from flash device.

22.3. Registers

22.3.1. Register Memory Map

Each address offset in the table below represents 1 word of memory address space.

(23) Exported ASMI block signal.

(24) Exported SPI pin interface.
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Table 232. Register Memory Map

Register Offset Width Access Description

FLASH_RD_STATUS 0x0 8 R Perform read operation on flash device
status register and store the read back
data.

FLASH_RD_RDID 0x2 8 R Perform read operation to extract flash
device memory capacity and store the read
back data.

FLASH_MEM_OP 0x3 24 W To protect, erase, and write enable memory.
To perform write enable operation, set this
register with the value 3'b100.

FLASH_CHIP_SELECT 0x6 3 W Chip select values:
• B’000/b’001 -chip 1
• B'010 - chip 2
• B'100 - chip 3

EPCQ_FLAG_STATUS 0x7 8 RW Perform write/read operation to clear/read
flag status from the device.

DEVICE_ID_DATA_0 0x8 32 R First word of device ID data

DEVICE_ID_DATA_1 0x9 32 R Second word of device ID data

DEVICE_ID_DATA_2 0xA 32 R Third word of device ID data

DEVICE_ID_DATA_3 0xB 32 R Fourth word of device ID data

DEVICE_ID_DATA_4 0xC 32 R Fifth word of device ID data

22.3.2. Register Descriptions

22.3.2.1. FLASH_RD_STATUS

Table 233. FLASH_RD_STATUS

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_status

Table 234. FLASH_RD_STATUS Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_status This 8 bits data contain the information from read
status register operation. It keeps the information
from the flash status register.

R 0x0
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22.3.2.2. FLASH_RD_RDID

Table 235. FLASH_RD_RDID

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Read_rdid

Table 236. FLASH_RD_RDID Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 Read_rdid This 8 bits data contain the information from read
memory capacity operation. It keeps the information
of the flash manufacturing ID.

R 0x0

22.3.2.3. FLASH_MEM_OP

Table 237. FLASH_MEM_OP

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved Sector value

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Sector value Reserved Memory protect/erase/
write enable operation
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Table 238. FLASH_MEM_OP Fields

Bit Name Description Access Default
Value

31:18 Reserved Reserved - 0x0

23:8 Sector value Set the sector value of the flash device so that a
particular memory sector can be erasing or
protecting from erase or written. Please refer to the
Valid Sector Value for Sector Protect and Sector
Erase Command section for more detail.

W 0x0

7:3 Reserved Reserved - 0x0

2:0 Memory protect/erase/
write enable operation

• 3’b011 – Sector protect:
Active-high port that executes the sector protect
operation. If asserted, the IP takes the value of
FLASH_MEM_OP[23:8] and writes to the FLASH
status register. The status register contains the
block protection bits that represent the memory
sector to be protected from write or erase.

• 3’b010 – Sector erase:
Active-high port that executes the sector erase
operation. If asserted, the IP starts erasing the
memory sector on the flash device based on
FLASH_MEM _OP[23:8] value.

• 3’b001 – Bulk erase
Active-high port that executes the bulk erase
operation. If asserted, the IP performs a full-
erase operation that sets all memory bits of the
flash device to ‘1’, which includes the general
purpose memory of the flash device. (Bulk erase
is not supported in stack-die such as EPCQ512-L
and EPCQ1024-L)

• 3’b100 – Write Enable Operation
All other options are N/A.
For more information about how to perform the low
level access operation, refer to the respective flash
datasheet.

W 0x0

22.3.2.3.1. Valid Sector Combination for Sector Protect and Sector Erase Command

Sector Protect

For the sector protect command, you are allowed to perform the operation on more
than one sector by giving the valid sector combination value to
FLASH_MEM_OP[23:8] .

There are only 5 bits needed to provide the sector combination value. Bit 13 to bit 23
are reserved and should be set to zero.

Table 239. FLASH_MEM_OP bits for Sector Value

23 ... ... 13 12 11 10 9 8

Reserved TB BP3 BP2 BP1 BP0

For more details about the sector combination values, refer to Quad-Serial
Configuration (EPCQ) Devices Datasheet
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Sector Erase

For the sector erase command, you are allowed to perform the operation on one
sector at a time. Each sector contains of 65536 bytes of data, which is equivalent to
65536 address locations. You need to provide one sector value if you wish to erase to
FLASH_MEM_OP[23:8] . For example, if you want to erase sector 127 in flash 256,
you will need to assign ’b0000 0000 0111 1111 to FLASH_MEM_OP[23:8] .

Table 240. Number of sectors for different Flash Devices

EPCQ16 EPCQ32 EPCQ64 EPCQ128 EPCQ256 EPCQ512 EPCQ1024

Valid sector
range

0 to 31 0 to 63 0 to 127 0 to 255 0 to 511 0 to 1023 0 to 2047

22.3.2.4. FLASH_CHIP_SELECT

Table 241. FLASH_CHIP_SELECT

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved Chip_
select
bit 3

Chip_
select
bit 2

Chip_
select
bit 1

Table 242. FLASH_CHIP_SELECT Fields

Bit Name Description Access Default
Value

31:3 Reserved Reserved - 0x0

2 Chip_select bit 3 In order to select flash chip 3, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

1 Chip_select bit 2 In order to select flash chip 2, issue 1 to this bit
while the rest of the bit to 0.

W 0x0

0 Chip_select bit 1 In order to select flash chip 1, issue 1 or 0 to this bit
while the rest of the bit to 0.

W 0x0

22.3.2.5. EPCQ_FLAG_STATUS

Table 243. EPCQ_FLAG_STATUS

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

Reserved

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Reserved flag_status
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Table 244. EPCQ_FLAG_STATUS Fields

Bit Name Description Access Default
Value

31:8 Reserved Reserved - 0x0

7:0 flag_status(25) This 8 bits data contain the information from read
status register operation. It keeps the information
from the flash status register. Clear the flag status
register by writing value of 0 to the
EPCQ_FLAG_STATUS register. Any value other than 0
is illegal.

RW 0x0

22.3.2.6. DEVICE_ID_DATA_x

Table 245. DEVICE_ID_DATA_x

Bit Fields

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16

DEVICE_ID_DATA_x

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

DEVICE_ID_DATA_x

Table 246. DEVICE_ID_DATA_x Fields

Bit Name Description Access Default
Value

31:0 DEVICE_ID_DATA_0 First word of device ID data R 0x0

31:0 DEVICE_ID_DATA_1 Second word of device ID data R 0x0

31:0 DEVICE_ID_DATA_2 Third word of device ID data R 0x0

31:0 DEVICE_ID_DATA_3 Fourth word of device ID data R 0x0

31:0 DEVICE_ID_DATA_4 Fifth word of device ID data R 0x0

22.4. Nios II and Nios V Tools Support

Related Information

• Using Flash Devices

• Nios II Configuration and Booting Solutions
For more information about booting Nios II from Flash.

22.4.1. Nios II and Nios V HAL Drivers

The HAL API is available for this controller in the following software files:

• altera_generic_quad_spi_controller2.h

• altera_generic_quad_spi_controller2.c

These files implement the Generic Quad SPI Controller II core device driver for the
HAL system library.

(25) The Flag Status Register must be read every time a erase command is issued.
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Nios II and Nios V HAL support a number of generic device model classes including
one for device flashes. Developing against these generic classes gives a consistent
interface for driver functions so that the HAL can access the driver functions uniformly.

Please refer to the Flash Device Drivers section in the Developing Device Drivers for
the Hardware Abstraction Layer for more information.

22.5. Driver API

Table 247. alt_qspi_controller2_lock

Prototype: alt_qspi_controller2_lock(alt_flash_dev *flash_info, alt_u32 sectors_to_lock)

Include: <altera_qspi_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• sector_to_lock- block protection bits in EPCQ

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -ETIME for Time out and skipping the looping after 0.7sec
• -ENOLCK for Sectors lock failed

Description: Lock the range of memory sector which protected from write and erase.

Table 248. alt_qspi_controller2_get_info

Prototype: alt_qspi_controller2_get_info(alt_flash_dev *fd, flash_region **info, int
*number_of_regions)

Include: <altera_qspi_controller2.h>

Parameter: • fd – pointer to general flash device structure
• info- pointer to the flash region
• number_of_regions- pointer to the number of regions

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for possibly hardware problem

Description: Pass the table of erase blocks to the user. The flash returns a single flash region that gives
the number and size of sectors for the device used.

Table 249. alt_qspi_controller2_erase_block

Prototype: alt_qspi_controller2_erase_block(alt_flash_dev *flash_info, int block_offset)

Include: <altera_qspi_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be erased

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for erase failed and sector might be protected

Description: Erase a single flash sector.
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Table 250. alt_qspi_controller2_write_block

Prototype: alt_qspi_controller2_write_block(alt_flash_dev *flash_info, int block_offset, int data_offset,
const void *data, int length)

Include: <altera_qspi_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• block_offset- byte-addressed offset, from start of flash of the sector to be written
• data-offset – byte offset (unaligned access) of write into memory
• data – data to be written
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Write one block/sector of data to the flash. The length of the write cannot spill into the
adjacent sector.

Table 251. alt_qspi_controller2_write

Prototype: alt_qspi_controller2_write (alt_flash_dev *flash_info, int offset, const void *src_addr, int
length)

Include: <altera_qspi_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset (unaligned access) of write to flash memory
• src_addr – source buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument
• -EIO for write failed and sector might be protected

Description: Program the data into the flash at the selected address. This function automatically erases a
block as needed.

Table 252. alt_qspi_controller2_read

Prototype: alt_qspi_controller2_read(alt_flash_dev *flash_info, int offset, void* dest_addr, int length)

Include: <altera_qspi_controller2.h>

Parameter: • flash_info – pointer to general flash device structure
• offset- byte offset read from flash memory
• dest_addr – destination buffer
• length – size of writing

Return: Return 0 if successful and otherwise return:
• -EINVAL for Invalid argument

Description: Read data from flash at the selected address.
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22.6. Intel FPGA Generic QUAD SPI Controller II Core Revision
History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 • Changed Nios II Tools Support to Nios II and Nios V Tools Support.
• Changed Nios II HAL Driver to Nios II and Nios V HAL Drivers and

added Nios V processor in the description.

2021.10.04 21.3 Updated the description for the Generic Serial Flash Interface Intel FPGA IP
Core User Guide

2021.03.29 21.1 • Clarified support for Intel Agilex devices.
• Added new parameters:

— Disable Dedicated Active Serial Interface
— Enable SPI Pins Interface
— Enable Flash Simulation Model

• Updated the list of supported Configuration Device Types.
• Added new signals in section: Interface Signals.

2019.12.16 19.4 Removed the irq interrupt signal.

2019.04.01 19.1 • Added support for configuration device MT25QL512ABB.
• Removed FLASH_ISR and FLASH_IMR registers.

2018.09.24 18.1 • Created this new chapter from the previous version's combined
chapter: Intel FPGA Generic QUAD SPI Controller and Controller II
Core.

• Added a new section: Driver API.
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23. Interval Timer Core

23.1. Core Overview

The Interval Timer core with Avalon interface is an interval timer for Avalon-based
processor systems, such as a Nios II and Nios V processors system. The core provides
the following features:

• 32-bit and 64-bit counters.

• Controls to start, stop, and reset the timer.

• Two count modes: count down once and continuous count-down.

• Count-down period register.

• Option to enable or disable the interrupt request (IRQ) when timer reaches zero.

• Optional watchdog timer feature that resets the system if timer ever reaches zero.

• Optional periodic pulse generator feature that outputs a pulse when timer reaches
zero.

• Compatible with 32-bit and 16-bit processors.

Device drivers are provided in the HAL system library for the Nios II and Nios V
processors.

23.2. Functional Description

Figure 72. Interval Timer Core Block Diagram

period_n
control
status

snap_n Counter

timeout_pulse

Address & Data

IRQ

reset request
(watchdog)

Control
Logic

Register File

   Avalon-MM Agent
Interface to

On-Chip Logic

683130 | 2022.03.28

Send Feedback

Intel Corporation. All rights reserved. Intel, the Intel logo, and other Intel marks are trademarks of Intel
Corporation or its subsidiaries. Intel warrants performance of its FPGA and semiconductor products to current
specifications in accordance with Intel's standard warranty, but reserves the right to make changes to any
products and services at any time without notice. Intel assumes no responsibility or liability arising out of the
application or use of any information, product, or service described herein except as expressly agreed to in
writing by Intel. Intel customers are advised to obtain the latest version of device specifications before relying
on any published information and before placing orders for products or services.
*Other names and brands may be claimed as the property of others.

ISO
9001:2015
Registered

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 274 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



The interval timer core has two user-visible features:

• The Avalon Memory-Mapped (Avalon-MM) interface that provides access to six 16-
bit registers

• An optional pulse output that can be used as a periodic pulse generator

All registers are 16-bits wide, making the core compatible with both 16-bit and
32-bit processors. Certain registers only exist in hardware for a given
configuration. For example, if the core is configured with a fixed period, the period
registers do not exist in hardware.

The following sequence describes the basic behavior of the interval timer core:

• An Avalon-MM host peripheral, such as a Nios II or Nios V processor, writes the
core's control register to perform the following tasks:

— Start and stop the timer

— Enable/disable the IRQ

— Specify count-down once or continuous count-down mode

• A processor reads the status register for information about current timer activity.

• A processor can specify the timer period by writing a value to the period registers.

• An internal counter counts down to zero, and whenever it reaches zero, it is
immediately reloaded from the period registers.

• A processor can read the current counter value by first writing to one of the snap
registers to request a coherent snapshot of the counter, and then reading the snap
registers for the full value.

• When the count reaches zero, one or more of the following events are triggered:

— If IRQs are enabled, an IRQ is generated.

— The optional pulse-generator output is asserted for one clock period.

— The optional watchdog output resets the system.

23.2.1. Avalon-MM Agent Interface

The interval timer core implements a simple Avalon-MM agent interface to provide
access to the register file. The Avalon-MM agent port uses the resetrequest signal
to implement watchdog timer behavior. This signal is a non-maskable reset signal, and
it drives the reset input of all Avalon-MM peripherals. When the resetrequest signal
is asserted, it forces any processor connected to the system to reboot. For more
information, refer to Configuring the Timer as a Watchdog Timer.

23.3. Configuration

This section describes the options available in the Platform Designer.

23.3.1. Timeout Period

The Timeout Period setting determines the initial value of the period registers. When
the Writeable period option is on, a processor can change the value of the period by
writing to the period registers. When the Writeable period option is off, the period is
fixed and cannot be updated at runtime. See the Hardware Options section for
information on register options.
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The Timeout Period is an integer multiple of the Timer Frequency. The Timer
Frequency is fixed at the frequency setting of the system clock associated with the
timer. The Timeout Period setting can be specified in units of µs (microseconds), ms
(milliseconds), seconds , or clocks (number of cycles of the system clock associated
with the timer). The actual period depends on the frequency of the system clock
associated with the timer. If the period is specified in µs, ms, or seconds, the true
period will be the smallest number of clock cycles that is greater or equal to the
specified Timeout Period value. For example, if the associated system clock has a
frequency of 30 ns, and the specified Timeout Period value is 1 µs, the true timeout
period will be 1.020 microseconds.

23.3.2. Counter Size

The Counter Size setting determines the timer's width, which can be set to either 32
or 64 bits. A 32-bit timer has two 16-bit period registers, whereas a 64-bit timer has
four 16-bit period registers. This option applies to the snap registers as well.

23.3.3. Hardware Options

The following options affect the hardware structure of the interval timer core. As a
convenience, the Preset Configurations list offers several pre-defined hardware
configurations, such as:

• Simple periodic interrupt—This configuration is useful for systems that require
only a periodic IRQ generator. The period is fixed and the timer cannot be
stopped, but the IRQ can be disabled.

• Full-featured—This configuration is useful for embedded processor systems that
require a timer with variable period that can be started and stopped under
processor control.

• Watchdog—This configuration is useful for systems that require watchdog timer
to reset the system in the event that the system has stopped responding. Refer to
the Configuring the Timer as a Watchdog Timer section.

Register Options

Table 253. Register Options

Option Description

Writeable period When this option is enabled, a host peripheral can change the count-down period by writing to the
period registers. When disabled, the count-down period is fixed at the specified Timeout Period,
and the period registers do not exist in hardware.

Readable snapshot When this option is enabled, a host peripheral can read a snapshot of the current count-down.
When disabled, the status of the counter is detectable only via other indicators, such as the status
register or the IRQ signal. In this case, the snap registers do not exist in hardware, and reading
these registers produces an undefined value.

Start/Stop control
bits

When this option is enabled, a host peripheral can start and stop the timer by writing the START and
STOP bits in the control register. When disabled, the timer runs continuously. When the System
reset on timeout (watchdog) option is enabled, the START bit is also present, regardless of the
Start/Stop control bits option.
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Output Signal Options

Table 254. Output Signal Options

Option Description

Timeout pulse
(1 clock wide)

When this option is on, the core outputs a signal timeout_pulse. This signal pulses high for one
clock cycle whenever the timer reaches zero. When this option is off, the timeout_pulse signal
does not exist.

System reset on
timeout (watchdog)

When this option is on, the core’s Avalon-MM agent port includes the resetrequest signal. This
signal pulses high for one clock cycle whenever the timer reaches zero resulting in a system-wide
reset. The internal timer is stopped at reset. Explicitly writing the START bit of the control register
starts the timer.
When this option is off, the resetrequest signal does not exist.
Refer to the Configuring the Timer as a Watchdog Timer section.

23.3.4. Configuring the Timer as a Watchdog Timer

To configure the core for use as a watchdog, in the MegaWizard Interface select
Watchdog in the Preset Configurations list, or choose the following settings:

• Set the Timeout Period to the desired "watchdog" period.

• Turn off Writeable period.

• Turn off Readable snapshot.

• Turn off Start/Stop control bits.

• Turn off Timeout pulse.

• Turn on System reset on timeout (watchdog).

A watchdog timer wakes up (comes out of reset) stopped. A processor later starts
the timer by writing a 1 to the control register's START bit. Once started, the
timer can never be stopped. If the internal counter ever reaches zero, the
watchdog timer resets the system by generating a pulse on its resetrequest
output. The resetrequest pulse will last for two cycles before the incoming
reset signal deasserts the pulse. To prevent an indefinite resetrequest pulse,
you are required to connect the resetrequest signal back to the reset input of
the timer.

To prevent the system from resetting, the processor must periodically reset the
timer's count-down value by writing one of the period registers (the written value
is ignored). If the processor fails to access the timer because, for example,
software stopped executing normally, the watchdog timer resets the system and
returns the system to a defined state.

23.4. Software Programming Model

The following sections describe the software programming model for the interval timer
core, including the register map and software declarations to access the hardware. For
Nios II and Nios V processors users, Intel provides hardware abstraction layer (HAL)
system library drivers that enable you to access the interval timer core using the HAL
application programming interface (API) functions.
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23.4.1. HAL System Library Support

The Intel-provided drivers integrate into the HAL system library for Nios II and Nios V
processors systems. When possible, HAL users should access the core via the HAL API,
rather than accessing the core's registers directly.

Intel provides a driver for both the HAL timer device models: system clock timer, and
timestamp timer.

System Clock Driver

When configured as the system clock, the interval timer core runs continuously in
periodic mode, using the default period set. The system clock services are then run as
a part of the interrupt service routine for this timer. The driver is interrupt-driven, and
therefore must have its interrupt signal connected in the system hardware.

The Nios II integrated development environment (IDE) allows you to specify system
library properties that determine which timer device will be used as the system clock
timer.

Timestamp Driver

The interval timer core may be used as a timestamp device if it meets the following
conditions:

• The timer has a writeable period register, as configured in Platform Designer.

• The timer is not selected as the system clock.

The Nios II IDE allows you to specify system library properties that determine
which timer device will be used as the timestamp timer.

If the timer hardware is not configured with writeable period registers, calls to
the alt_timestamp_start() API function will not reset the timestamp counter.
All other HAL API calls will perform as expected.

For more information about using the system clock and timestamp features that
use these drivers, refer to the Nios II Software Developer’s Handbook. The
Nios II Embedded Design Suite (EDS) also provides several example designs that
use the interval timer core.

Limitations

The HAL driver for the interval timer core does not support the watchdog reset feature
of the core.

23.4.2. Software Files

The interval timer core is accompanied by the following software files. These files
define the low-level interface to the hardware, and provide the HAL drivers.
Application developers should not modify these files.

• altera_avalon_timer_regs.h—This file defines the core's register map,
providing symbolic constants to access the low-level hardware.

• altera_avalon_timer.h, altera_avalon_timer_sc.c,
altera_avalon_timer_ts.c, altera_avalon_timer_vars.c—These files
implement the timer device drivers for the HAL system library.
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23.4.3. Register Map

You do not need to access the interval timer core directly via its registers if using the
standard features provided in the HAL system library for the Nios II and Nios V
processors. In general, the register map is only useful to programmers writing a
device driver.

The Intel-provided HAL device driver accesses the device registers directly. If you are
writing a device driver, and the HAL driver is active for the same device, your driver
will conflict and fail to operate correctly.

The table below shows the register map for the 32-bit timer. The interval timer core
uses native address alignment. For example, to access the control register value,
use offset 0x4.

Table 255. Register Map—32-bit Timer

Offset Name R/W Description of Bits

15 ... 4 3 2 1 0

0 status RW (1) RUN TO

1 control RW (1) STOP START CONT ITO

2 periodl RW Timeout Period – 1 (bits [15:0])

3 periodh RW Timeout Period – 1 (bits [31:16])

4 snapl RW Counter Snapshot (bits [15:0])

5 snaph RW Counter Snapshot (bits [31:16])

Notes :
1. Reserved. Read values are undefined. Write zero.

For more information about native address alignment, refer to the System
Interconnect Fabric for Memory-Mapped Interfaces.

Table 256. Register Map—64-bit Timer

Offset Name R/W Description of Bits

15 ... 4 3 2 1 0

0 status RW (1) RUN TO

1 control RW (1) STOP START CONT ITO

2 period_0 RW Timeout Period – 1 (bits [15:0])

3 period_1 RW Timeout Period – 1 (bits [31:16])

4 period_2 RW Timeout Period – 1 (bits [47:32])

5 period_3 RW Timeout Period – 1 (bits [63:48])

6 snap_0 RW Counter Snapshot (bits [15:0])

7 snap_1 RW Counter Snapshot (bits [31:16])

continued...   
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Offset Name R/W Description of Bits

15 ... 4 3 2 1 0

8 snap_2 RW Counter Snapshot (bits [47:32])

9 snap_3 RW Counter Snapshot (bits [63:48])

Notes :
1. Reserved. Read values are undefined. Write zero.

status Register

The status register has two defined bits.    

Table 257. status Register Bits

Bit Name R/W/C Description

0 TO R/WC The TO (timeout) bit is set to 1 when the internal counter reaches zero. Once set by a timeout
event, the TO bit stays set until explicitly cleared by a host peripheral. Write 0 or 1 to the
status register to clear the TO bit.

1 RUN R The RUN bit reads as 1 when the internal counter is running; otherwise this bit reads as 0. The
RUN bit is not changed by a write operation to the status register.

control Register

The control register has four defined bits.

Table 258. control Register Bits

Bit Name R/W/C Description

0 ITO RW If the ITO bit is 1, the interval timer core generates an IRQ when the status register’s TO
bit is 1. When the ITO bit is 0, the timer does not generate IRQs.

1 CONT RW The CONT (continuous) bit determines how the internal counter behaves when it reaches zero.
If the CONT bit is 1, the counter runs continuously until it is stopped by the STOP bit. If CONT
is 0, the counter stops after it reaches zero. When the counter reaches zero, it reloads with
the value stored in the period registers, regardless of the CONT bit.

2 START (1) W Writing a 1 to the START bit starts the internal counter running (counting down). The START
bit is an event bit that enables the counter when a write operation is performed. If the timer
is stopped, writing a 1 to the START bit causes the timer to restart counting from the number
currently stored in its counter. If the timer is already running, writing a 1 to START has no
effect. Writing 0 to the START bit has no effect.

3 STOP (1) W Writing a 1 to the STOP bit stops the internal counter. The STOP bit is an event bit that causes
the counter to stop when a write operation is performed. If the timer is already stopped,
writing a 1 to STOP has no effect. Writing a 0 to the stop bit has no effect.
If the timer hardware is configured with Start/Stop control bits off, writing the STOP bit
has no effect.

Notes :
1. Writing 1 to both START and STOP bits simultaneously produces an undefined result.
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period_n Registers

The period_n registers together store the timeout period value. The internal counter
is loaded with the value stored in these registers whenever one of the following
occurs:

• A write operation to one of the period_n register

• The internal counter reaches 0

The timer's actual period is one cycle greater than the value stored in the
period_n registers because the counter assumes the value zero for one clock
cycle.

Writing to one of the period_n registers stops the internal counter, except when
the hardware is configured with Start/Stop control bits off. If Start/Stop
control bits is off, writing either register does not stop the counter. When the
hardware is configured with Writeable period disabled, writing to one of the
period_n registers causes the counter to reset to the fixed Timeout Period
specified at system generation time.

Note: A timeout period value of 0 is not a supported use case. Software configures timeout
period values greater than 0.

snap_n Registers

A host peripheral may request a coherent snapshot of the current internal counter by
performing a write operation (write-data ignored) to one of the snap_n registers.
When a write occurs, the value of the counter is copied to snap_n registers. The
snapshot occurs whether or not the counter is running. Requesting a snapshot does
not change the internal counter's operation.

23.4.4. Interrupt Behavior

The interval timer core generates an IRQ whenever the internal counter reaches zero
and the ITO bit of the control register is set to 1. Acknowledge the IRQ in one of
two ways:

• Clear the TO bit of the status register

• Disable interrupts by clearing the ITO bit of the control register

Failure to acknowledge the IRQ produces an undefined result.

23.5. Interval Timer Core API

Table 259. alt_timestamp_start

Prototype int alt_timestamp_start(void)

Include <alt_timestamp.h>

Parameters -

Returns The return value is 0 upon success and -1 if timestamp device has not been registered

Description Initialize the timestamp feature.
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Table 260. alt_timestamp

Prototype alt_timestamp_type alt_timestamp (void)

Include <alt_timestamp.h>

Parameters -

Returns This function returns the current timestamp count. It returns -1 if the timer has run full
period, or there is no timestamp available.

Description Returns the current timestamp count.

Table 261. alt_timestamp_freq

Prototype alt_u32 alt_timestamp_freq(void)

Include <alt_timestamp.h>

Parameters -

Returns This function returns the number of timestamp ticks per second. This will be 0 if no
timestamp device has been registered.

Description Returns the number of timestamp ticks per second.

23.6. Interval Timer Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
• Core Overview
• Functional Description
• Software Programming Model
• HAL System Library Support
• Register Map

2018.09.24 18.1 Added a new section: Interval Time Core API.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

June 2015 2015.06.12 Updated "status Register Bits" table.

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2013 v13.1.0 Updated the reset pulse description in the Configuring the Timer as a
Watchdog Timer section.

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Revised descriptions of register fields and bits.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. Updated the core’s name to reflect the
name used in SOPC Builder.

May 2008 v8.0.0 Added a new parameter and register map for the 64-bit timer.
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24. Intel FPGA Avalon FIFO Memory Core

24.1. Core Overview

The Intel FPGA Avalon FIFO memory core buffers data and provides flow control in an
Platform Designer system. The core can operate with a single clock or with separate
clocks for the input and output ports, and it does not support burst read or write.

The input interface to the Intel FPGA Avalon FIFO memory core may be an Avalon
Memory Mapped (Avalon-MM) write agent or an Avalon Streaming (Avalon-ST) sink.
The output interface can be an Avalon-ST source or an Avalon-MM read agent. The
data is delivered to the output interface in the same order that it was received at the
input interface, regardless of the value of channel, packet, frame, or any other signals.

In single-clock mode, the Intel FPGA Avalon memory core includes an optional status
interface that provides information about the fill level of the FIFO core. In dual-clock
mode, separate, optional status interfaces can be included for the input and output
interfaces. The status interface also includes registers to set and control interrupts.

Device drivers are provided in the HAL system library allowing software to access the
core using ANSI C.

24.2. Functional Description

The Intel FPGA Avalon FIFO memory core has four configurations:

• Avalon Memory-Mapped Interface write agent to Avalon Memory-Mapped Interface
read agent

• Avalon Streaming Interface sink to Avalon Streaming Interface source

• Avalon Memory-Mapped Interface write agent to Avalon Streaming Interface
source

• Avalon Streaming Interface sink to Avalon Memory-Mapped Interface read agent

In all configurations, the input and output interfaces can use the optional
backpressure signals to prevent underflow and overflow conditions. For the Avalon
Memory-Mapped Interface, backpressure is implemented using the waitrequest
signal. For Avalon Streaming Interface, backpressure is implemented using the
ready and valid signals. For the Intel FPGA Avalon FIFO memory core, the delay
between the sink asserts ready and the source drives valid data is one cycle.

24.2.1. Avalon-MM Write Agent to Avalon-MM Read Agent

In this configuration, the input is a zero-address-width Avalon-MM write agent. An
Avalon-MM write host pushes data into the FIFO core by writing to the input interface,
and a read host (possibly the same host) pops data by reading from its output
interface. The input and output data must be the same width.
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If Allow backpressure is turned on, the waitrequest signal is asserted whenever
the data_in host tries to write to a full FIFO buffer. waitrequest is only deasserted
when there is enough space in the FIFO buffer for a new transaction to complete.
waitrequest is asserted for read operations when there is no data to be read from
the FIFO buffer, and is deasserted when the FIFO buffer has data. You must ensure
that the FIFO is not empty using the Empty bit field of the status register before
performing a read operation on FIFO output interface.

Figure 73. FIFO with Avalon-MM Input and Output Interfaces
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24.2.2. Avalon-ST Sink to Avalon-ST Source

This configuration has streaming input and output interfaces as illustrated in the figure
below. You can parameterize most aspects of the Avalon-ST interfaces including the
bits per symbol, symbols per beat, and the width of error and channel signals.
The input and output interfaces must be the same width. If Allow backpressure is
turned on, both interfaces use the ready and valid signals to indicate when space is
available in the FIFO core and when valid data is available.

For more information about the Avalon-ST interface protocol, refer to the Avalon
Interface Specifications.

24. Intel FPGA Avalon FIFO Memory Core
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Figure 74. FIFO with Avalon-ST Input and Output Interfaces

S S

S

System Interconnect Fabric

Input Status I/F
(Optional)

Output Status I/F
(Optional)

Streaming
Output DataInput Data

Intel FPGA Avalon FIFO Memory

Avalon-MM Agent Port Avalon-ST Source

SRC

SRC

Avalon-ST SinkSNK

SNK

24.2.3. Avalon-MM Write Agent to Avalon-ST Source

In this configuration, the input is an Avalon-MM write agent with a width of 32 bits as
shown in the FIFO with Avalon-MM Input Interface and Avalon-ST Output
Interface figure below. The Avalon-ST output (source) data width must also be 32
bits. You can configure output interface parameters, including: bits per symbol,
symbols per beat, and the width of the channel and error signals. The FIFO core
performs the endian conversion to conform to the output interface protocol.

The signals that comprise the output interface are mapped into bits in the Avalon
address space. If Allow backpressure is turned on, the input interface asserts
waitrequest to indicate that the FIFO core does not have enough space for the
transaction to complete.

Figure 75. FIFO with Avalon-MM Input Interface and Avalon-ST Output Interface

S S

S

S

System Interconnect Fabric

Input Status I/F
(Optional)

Output Status I/F
(Optional)

Streaming
Output DataInput Data

Intel FPGA Avalon FIFO Memory

Avalon-MM Agent Port Avalon-ST Source

SRC

SRC

24. Intel FPGA Avalon FIFO Memory Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

284

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 285 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Table 262. Bit Field

Offset 31 24 23 19 18     16 15     13 12 8 7 4 3 2 1 0

base + 0 Symbol 3 Symbol 2 Symbol 1 Symbol 0

base + 1 reserved reserved error reserved channel reserved empty E
O
P

S
O
P

Table 263. Memory Map

Offset Bits Field Description

0 31:0 SYMBOL_0, SYMBOL_1,
SYMBOL_2 ..
SYMBOL_n

Packet data. The value of the Symbols per beat parameter specifies
the number of fields in this register; Bits per symbol specifies the
width of each field.

1 0 SOP The value of the startofpacket signal.

1 EOP The value of the endofpacket signal.

6:2 EMPTY The value of the empty signal.

7 — Reserved.

15:8 CHANNEL The value of the channel signal. The number of bits occupied
corresponds to the width of the signal. For example, if the width of the
channel signal is 5, bits 8 to 12 are occupied and bits 13 to 15 are
unused.

23:16 ERROR The value of the error signal. The number of bits occupied corresponds
to the width of the signal. For example, if the width of the error signal is
3, bits 16 to 18 are occupied and bits 19 to 23 are unused.

31:24 — Reserved.

If Enable packet data is turned off, the Avalon-MM write host writes all data at
address offset 0 repeatedly to push data into the FIFO core.

If Enable packet data is turned on, the Avalon-MM write host starts by writing the
SOP, ERROR (optional), CHANNEL (optional), EOP, and EMPTY packet status
information at address offset 1. Writing to address offset 1 does not push data into the
FIFO core. The Avalon-MM host then writes packet data to address offset 0 repeatedly,
pushing 8-bit symbols into the FIFO core. Whenever a valid write occurs at address
offset 0, the data and its respective packet information is pushed into the FIFO core.
Subsequent data is written at address offset 0 without the need to clear the SOP field.
Rewriting to address offset 1 is not required each time if the subsequent data to be
pushed into the FIFO core is not the end-of-packet data, as long as ERROR and
CHANNEL do not change.

At the end of each packet, the Avalon-MM host writes to the address at offset 1 to set
the EOP bit to 1, before writing the last symbol of the packet at offset 0. The write
host uses the empty field to indicate the number of unused symbols at the end of the
transfer. If the last packet data is not aligned with the symbols per beat, the EMPTY
field indicates the number of empty symbols in the last packet data. For example, if
the Avalon-ST interface has symbols per beat of 4, and the last packet only has 3
symbols, the empty field will be 1, indicating that one symbol (the least significant
symbol in the memory map) is empty.

24. Intel FPGA Avalon FIFO Memory Core
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24.2.4. Avalon-ST Sink to Avalon-MM Read Agent

In this configuration seen in the figure below, the input is an Avalon-ST sink and the
output is an Avalon-MM read agent with a width of 32 bits. The Avalon-ST input (sink)
data width must also be 32 bits. You can configure input interface parameters,
including: bits per symbol, symbols per beat, and the width of the channel and
error signals. The FIFO core performs the endian conversion to conform to the
output interface protocol.

An Avalon-MM host reads the data from the FIFO core. The signals are mapped into
bits in the Avalon address space. If Allow backpressure is turned on, the input
(sink) interface uses the ready and valid signals to indicate when space is available
in the FIFO core and when valid data is available. For the output interface,
waitrequest is asserted for read operations when there is no data to be read from
the FIFO core. It is deasserted when the FIFO core has data to send. The memory
map for this configuration is exactly the same as for the Avalon-MM to Avalon-ST FIFO
core. See the for Memory Map table for more information.

Figure 76. FIFO with Avalon-ST Input and Avalon-MM Output
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If Enable packet data is turned off, read data repeatedly at address offset 0 to pop
the data from the FIFO core.

If Enable packet data is turned on, the Avalon-MM read host starts reading from
address offset 0. If the read is valid, that is, the FIFO core is not empty, both data and
packet status information are popped from the FIFO core. The packet status
information is obtained by reading at address offset 1. Reading from address offset 1
does not pop data from the FIFO core. The ERROR, CHANNEL, SOP, EOP and EMPTY
fields are available at address offset 1 to determine the status of the packet data read
from address offset 0.

The EMPTY field indicates the number of empty symbols in the data field. For example,
if the Avalon-ST interface has symbols-per-beat of 4, and the last packet data only
has 1 symbol, the empty field is 3 to indicate that 3 symbols (the 3 least significant
symbols in the memory map) are empty.
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24.2.5. Status Interface

The FIFO core provides two optional status interfaces, one for the host writing to the
input interface and a second for the read host reading from the output interface. For
FIFO cores that operate in a single domain, a single status interface is sufficient to
monitor the status of the FIFO core. In the dual clocking scheme, a second status
interface using the output clock is necessary to accurately monitor the status of the
FIFO core in both clock domains.

24.2.6. Clocking Modes

When single-clock mode is used, the FIFO core being used is SCFIFO. When dual-clock
mode is chosen, the FIFO core being used is DCFIFO. In dual-clock mode, input data
and write-side status interfaces use the write side clock domain; the output data and
read-side status interfaces use the read-side clock domain.

24.3. Configuration

The following sections describe the available configuration options.

24.3.1. FIFO Settings

The following sections outline the settings that pertain to the FIFO core as a whole.

Depth

Depth indicates the depth of the FIFO buffer, in Avalon-ST bits or Avalon-MM words.
The default depth is 16. When dual clock mode is used, the actual FIFO depth is equal
to depth-3. This is due to clock crossing and to avoid FIFO overflow.

Clock Settings

The two options are Single clock mode and Dual clock mode. In Single clock
mode, all interface ports use the same clock. In Dual clock mode, input data and
input side status are on the input clock domain. Output data and output side status
are on the output clock domain.

Status Port

The optional status ports are Avalon-MM agents. To include the optional input side
status interface, turn on Create status interface for input on the Platform Designer
MegaWizard. For FIFOs whose input and output ports operate in separate clock
domains, you can include a second status interface by turning on Create status
interface for output. Turning on Enable IRQ for status ports adds an interrupt
signal to the status ports.

FIFO Implementation

This option determines if the FIFO core is built from registers or embedded memory
blocks. The default is to construct the FIFO core from embedded memory blocks.

24.3.2. Interface Parameters

The following sections outline the options for the input and output interfaces.

24. Intel FPGA Avalon FIFO Memory Core
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Input

Available input interfaces are Avalon Memory-Mapped Interface write agent and
Avalon Streaming Interface sink.

Output

Available output interfaces are Avalon Memory-Mapped Interface read agent and
Avalon Streaming Interface source.

Allow Backpressure

When Allow backpressure is on, an Avalon Memory-Mapped Interface includes the
waitrequest signal which is asserted to prevent a host from writing to a full FIFO
buffer or reading from an empty FIFO buffer. An Avalon Streaming Interface includes
the ready and valid signals to prevent underflow and overflow conditions.

Avalon Memory-Mapped Interface Port Settings

Valid Data widths are 8, 16, and 32 bits.

If Avalon Memory-Mapped Interface is selected for one interface and Avalon Streaming
Interface for the other, the data width is fixed at 32 bits.

The Avalon Memory-Mapped Interface accesses data 4 bytes at a time. For data
widths other than 32 bits, be careful of potential overflow and underflow conditions.

Avalon Streaming Interface Port Settings

The following parameters allow you to specify the size and error handling of the
Avalon Streaming Interface port or ports:

• Bits per symbol

• Symbols per beat

• Channel width

• Error width

If the symbol size is not a power of two, it is rounded up to the next power of two.
For example, if the bits per symbol is 10, the symbol will be mapped to a 16-bit
memory location. With 10-bit symbols, the maximum number of symbols per
beat is two.

Enable packet data provides an option for packet transmission.

24.3.3. Interface Signals

Table 264. Interface Signals

Signal Width Direction Description

wrclock 1 Input Clock signal for input interface.

reset_n 1 Input Asynchronous reset signal that is associated with
wrclock.

rdclock 1 Input Clock signal for output interface. This signal is
only available with the dual mode selection.

continued...   
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Signal Width Direction Description

rdreset_n 1 Input
Asynchronous reset signal that is associated with
rdclock. This signal is only available with the
dual mode selection.

avalonmm_write_sl
ave_write

1 Input Write control signal. Enable when the input type is
AVALONMM_WRITE.

avalonmm_write_sl
ave_writedata

8-256 Input Write data bus. Enable when the input type is
AVALONMM_WRITE.

avalonst_sink_cha
nnel

8 Input Channel bus. Enable when the input type is
AVALONST_SINK.

avalonst_sink_dat
a

32 Input Data bus. Enable when the input type is
AVALONST_SINK.

avalonst_sink_emp
ty

1 Input Empty signal. Enable when the input type is
AVALONST_SINK.

avalonst_sink_end
ofpacket

1 Input End of packet signal. Enable when the input type
is AVALONST_SINK.

avalonst_sink_err
or

8 Input Error signal. Enable when the input type is
AVALONST_SINK.

avalonst_sink_sta
rtofpacket

1 Input Start of packet signal. Enable when the input type
is AVALONST_SINK.

avalonst_sink_val
id

1 Input Valid signal. Enable when the input type is
AVALONST_SINK.

avalonmm_read_sla
ve_read

1 Input Read control signal. Enable when the input type is
AVALONMM_READ.

avalonmm_read_sla
ve_readdata

8-256 Output Read data bus. Enable when the input type is
AVALONMM_READ.

avalonst_source_c
hannel

8 Output Channel bus. Enable when the input type is
AVALONST_SOURCE.

avalonst_source_d
ata

32 Output Data bus. Enable when the input type is
AVALONST_SOURCE.

avalonst_source_e
mpty

1 Output Empty signal. Enable when the input type is
AVALONST_SOURCE.

avalonst_source_e
ndofpacket

1 Output End of packet signal. Enable when the input type
is AVALONST_SOURCE.

avalonst_source_e
rror

8 Output Error signal. Enable when the input type is
AVALONST_SOURCE.

avalonst_source_s
tartofpacket

1 Output Start of packet signal. Enable when the input type
is AVALONST_SOURCE.

avalonst_source_v
alid

1 Output Valid signal. Enable when the input type is
AVALONST_SOURCE.

wrclk_control_sla
ve_address

3 Input Address bus. Enable when the status interface for
input is enabled.

wrclk_control_sla
ve_read

1 Input Read control signal. Enable when the status
interface for input is enabled.

wrclk_control_sla
ve_readdata

32 Output Read data bus. Enable when the status interface
for input is enabled.
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Signal Width Direction Description

wrclk_control_sla
ve_write

1 Input Write control signal. Enable when the status
interface for input is enabled.

wrclk_control_sla
ve_writedata

32 Input Write data bus. Enable when the status interface
for input is enabled.

rdclk_control_sla
ve_address

3 Input Address bus. Enable when the status interface for
output is enabled.

rdclk_control_sla
ve_read

1 Input Read control signal. Enable when the status
interface for output is enabled.

rdclk_control_sla
ve_readdata

32 Output Read data bus. Enable when the status interface
for output is enabled.

rdclk_control_sla
ve_write

1 Input Write control signal. Enable when the status
interface for output is enabled.

rdclk_control_sla
ve_writedata

32 Input Write data bus. Enable when the status interface
for output is enabled.

wrclk_control_sla
ve_irq

1 Output
Interrupt signal for input status register. Enable
when IRQ and status interface for input are
enabled.

rdclk_control_sla
ve_irq

1 Output
Interrupt signal for output status register. Enable
when IRQ and status interface for output are
enabled.

24.4. Software Programming Model

The following sections describe the software programming model for the Intel FPGA
Avalon FIFO memory core, including the register map and software declarations to
access the hardware. For Nios II and Nios V processors users, Intel provides HAL
system library drivers that enable you to access the Intel FPGA Avalon FIFO memory
core using its HAL API.

24.4.1. HAL System Library Support

The Intel-provided driver implements a HAL device driver that integrates into the HAL
system library for Nios II and Nios V processors systems. HAL users should access the
FIFO memory via the familiar HAL API, rather than accessing the registers directly.

24.4.2. Software Files

Intel provides the following software files for the Intel FPGA Avalon FIFO memory
core:
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• altera_avalon_fifo_regs.h—This file defines the core's register map,
providing symbolic constants to access the low-level hardware.

• altera_avalon_fifo_util.h—This file defines functions to access the on-chip
FIFO memory core hardware. It provides utilities to initialize the FIFO, read and
write status, enable flags and read events.

• altera_avalon_fifo.h—This file provides the public interface to the on-chip
FIFO memory

• altera_avalon_fifo_util.c—This file implements the utilities listed in
altera_avalon_fifo_util.h.

24.5. Programming with the Intel FPGA Avalon FIFO Memory

This section describes the low-level software constructs for manipulating the Intel
FPGA Avalon FIFO memory core hardware. The table below lists all of the available
functions.

Table 265. On-Chip FIFO Memory Functions

Function Name Description

altera_avalon_fifo_init() Initializes the FIFO.

altera_avalon_fifo_read_status() Returns the integer value of the specified bit of the status
register. To read all of the bits at once, use the
ALTERA_AVALON_FIFO_STATUS_ALL mask.

altera_avalon_fifo_read_ienable() Returns the value of the specified bit of the interrupt enable
register. To read all of the bits at once, use the
ALTERA_AVALON_FIFO_EVENT_ALL mask.

altera_avalon_fifo_read_almostfull() Returns the value of the almostfull register.

altera_avalon_fifo_read_almostempty() Returns the value of the almostempty register.

altera_avalon_fifo_read_event() Returns the value of the specified bit of the event register. All of
the event bits can be read at once by using the
ALTERA_AVALON_FIFO_STATUS_ALL mask.

altera_avalon_fifo_read_level() Returns the fill level of the FIFO.

altera_avalon_fifo_clear_event() Clears the specified bits and the event register and performs
error checking.

altera_avalon_fifo_write_ienable() Writes the specified bits of the interruptenable register and
performs error checking.

altera_avalon_fifo_write_almostfull() Writes the specified value to the almostfull register and
performs error checking.

altera_avalon_fifo_write_almostempty() Writes the specified value to the almostempty register and
performs error checking.

altera_avalon_fifo_write_fifo() Writes the specified data to the write_address.

altera_avalon_fifo_write_other_info() Writes the packet status information to the write_address.
Only valid when the Enable packet data option is turned on.

altera_avalon_fifo_read_fifo() Reads data from the specified read_address.

altera_avalon_fifo_read__other_info() Reads the packet status information from the specified
read_address. Only valid when the Enable packet data option
is turned on.
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24.5.1. Software Control

The table below provides the register map for the status register. The layout of
status register for the input and output interfaces is identical.

Table 266. FIFO Status Register Memory Map

offset 31 24 23 16 15 8 7 6 5 4 3 2 1 0

base fill_level

base + 1 i_status

base + 2 event

base + 3 interrupt
enable

base + 4 almostfull

base + 5 almostempty

Table 267. FIFO Status Field Descriptions

Field Type Description

fill_level RO The instantaneous fill level of the FIFO, provided in units of symbols for a FIFO with an
Avalon-ST FIFO and words for an Avalon-MM FIFO.

i_status RO A 6-bit register that shows the FIFO’s instantaneous status. See Status Bit Field
Description Table for the meaning of each bit field.

event RW1C A 6-bit register with exactly the same fields as i_status. When a bit in the i_status
register is set, the same bit in the event register is set. The bit in the event register is only
cleared when software writes a 1 to that bit.

interruptenable RW A 6-bit interrupt enable register with exactly the same fields as the event and i_status
registers. When a bit in the event register transitions from a 0 to a 1, and the corresponding
bit in interruptenable is set, the host Is interrupted.

almostfull RW A threshold level used for interrupts and status. Can be written by the Avalon-MM status host
at any time. The default threshold value for DCFIFO is Depth-4. The default threshold value
for SCFIFO is Depth-1. The valid range of the threshold value is from 1 to the default. 1 is
used when attempting to write a value smaller than 1. The default is used when attempting
to write a value larger than the default.

almostempty RW A threshold level used for interrupts and status. Can be written by the Avalon-MM status host
at any time. The default threshold value for DCFIFO is 1. The default threshold value for
SCFIFO is 1. The valid range of the threshold value is from 1 to the maximum allowable
almostfull threshold. 1 is used when attempting to write a value smaller than 1. The
maximum allowable is used when attempting to write a value larger than the maximum
allowable.

Table 268. Status Bit Field Descriptions

Bit(s) Name Description

0 FULL Has a value of 1 if the FIFO is currently full.

1 EMPTY Has a value of 1 if the FIFO is currently empty.

2 ALMOSTFULL Has a value of 1 if the fill level of the FIFO is equal or greater than the almostfull value.
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Bit(s) Name Description

3 ALMOSTEMPTY Has a value of 1 if the fill level of the FIFO is less or equal than the almostempty value.

4 OVERFLOW Is set to 1 for 1 cycle every time the FIFO overflows. The FIFO overflows when an Avalon write
host writes to a full FIFO. OVERFLOW is only valid when Allow backpressure is off.

5 UNDERFLOW Is set to 1 for 1 cycle every time the FIFO underflows. The FIFO underflows when an Avalon
read host reads from an empty FIFO. UNDERFLOW is only valid when Allow backpressure is
off.

These fields are identical to those in the status register and are set at the same
time; however, these fields are only cleared when software writes a one to clear
(W1C). The event fields can be used to determine if a particular event has occurred.

Table 269. Event Bit Field Descriptions

Bit(s) Name Description

0 E_FULL Has a value of 1 if the FIFO has been full and the bit has not been cleared by software.

1 E_EMPTY Has a value of 1 if the FIFO has been empty and the bit has not been cleared by software.

2 E_ALMOSTFULL Has a value of 1 if the fill level of the FIFO has been greater than the almostfull
threshold value and the bit has not been cleared by software.

3 E_ALMOSTEMPTY Has a value of 1 if the fill level of the FIFO has been less than the almostempty value and
the bit has not been cleared by software.

4 E_OVERFLOW Has a value of 1 if the FIFO has overflowed and the bit has not been cleared by software.

5 E_UNDERFLOW Has a value of 1 if the FIFO has underflowed and the bit has not been cleared by software.

The table below provides a mask for the six STATUS fields. When a bit in the event
register transitions from a zero to a one, and the corresponding bit in the
interruptenable register is set, the host is interrupted.

Table 270. InterruptEnable Bit Field Descriptions

Bit(s) Name Description

0 IE_FULL Enables an interrupt if the FIFO is currently full.

1 IE_EMPTY Enables an interrupt if the FIFO is currently empty.

2 IE_ALMOSTFULL Enables an interrupt if the fill level of the FIFO is greater than the value of the almostfull
register.

3 IE_ALMOSTEMPTY Enables an interrupt if the fill level of the FIFO is less than the value of the almostempty
register.

4 IE_OVERFLOW Enables an interrupt if the FIFO overflows. The FIFO overflows when an Avalon write host
writes to a full FIFO.

5 IE_UNDERFLOW Enables an interrupt if the FIFO underflows. The FIFO underflows when an Avalon read host
reads from an empty FIFO.

6 ALL Enables all 6 status conditions to interrupt.

Macros to access all of the registers are defined in altera_avalon_fifo_regs.h. For
example, this file includes the following macros to access the status register.

#define ALTERA_AVALON_FIFO_LEVEL_REG         0
#define ALTERA_AVALON_FIFO_STATUS_REG        1
#define ALTERA_AVALON_FIFO_EVENT_REG         2
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#define ALTERA_AVALON_FIFO_IENABLE_REG       3
#define ALTERA_AVALON_FIFO_ALMOSTFULL_REG    4
#define ALTERA_AVALON_FIFO_ALMOSTEMPTY_REG   5

For a complete list of predefined macros and utilities to access the on-chip FIFO
hardware, see:

• <install_dir>\quartus\sopc_builder\components
\altera_avalon_fifo\HAL\inc\
alatera_avalon_fifo.h

• <install_dir>\quartus\sopc_builder\components
\altera_avalon_fifo\HAL\inc\
alatera_avalon_fifo_util.h.

24.5.2. Software Example

/***********************************************************************/
//Includes
#include "altera_avalon_fifo_regs.h"
#include "altera_avalon_fifo_util.h"
#include "system.h"
#include "sys/alt_irq.h"
#include <stdio.h>
#include <stdlib.h>
#define ALMOST_EMPTY 2
#define ALMOST_FULL OUTPUT_FIFO_OUT_FIFO_DEPTH-5
volatile int input_fifo_wrclk_irq_event;
void print_status(alt_u32 control_base_address)
{
printf("--------------------------------------\n");
printf("LEVEL = %u\n", altera_avalon_fifo_read_level(control_base_address) );
printf("STATUS = %u\n", altera_avalon_fifo_read_status(control_base_address,
ALTERA_AVALON_FIFO_STATUS_ALL) );
printf("EVENT = %u\n", altera_avalon_fifo_read_event(control_base_address,
ALTERA_AVALON_FIFO_EVENT_ALL) );
printf("IENABLE = %u\n", altera_avalon_fifo_read_ienable(control_base_address,
ALTERA_AVALON_FIFO_IENABLE_ALL) );
printf("ALMOSTEMPTY = %u\n",
altera_avalon_fifo_read_almostempty(control_base_address) );
printf("ALMOSTFULL = %u\n\n",
altera_avalon_fifo_read_almostfull(control_base_address));
}
static void handle_input_fifo_wrclk_interrupts(void* context, alt_u32 id)
{
/* Cast context to input_fifo_wrclk_irq_event's type. It is important
* to declare this volatile to avoid unwanted compiler optimization.
*/
volatile int* input_fifo_wrclk_irq_event_ptr = (volatile int*) context;
/* Store the value in the FIFO's irq history register in *context. */
*input_fifo_wrclk_irq_event_ptr =
altera_avalon_fifo_read_event(INPUT_FIFO_IN_CSR_BASE, 
ALTERA_AVALON_FIFO_EVENT_ALL);
printf("Interrupt Occurs for %#x\n", INPUT_FIFO_IN_CSR_BASE);
print_status(INPUT_FIFO_IN_CSR_BASE);
/* Reset the FIFO's IRQ History register. */
altera_avalon_fifo_clear_event(INPUT_FIFO_IN_CSR_BASE,
ALTERA_AVALON_FIFO_EVENT_ALL);
}
/* Initialize the fifo */
static int init_input_fifo_wrclk_control()
{
int return_code = ALTERA_AVALON_FIFO_OK;
/* Recast the IRQ History pointer to match the alt_irq_register() function
* prototype. */
void* input_fifo_wrclk_irq_event_ptr = (void*) &input_fifo_wrclk_irq_event;
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/* Enable all interrupts. */
/* Clear event register, set enable all irq, set almostempty and
almostfull threshold */
return_code = altera_avalon_fifo_init(INPUT_FIFO_IN_CSR_BASE,
0, // Disabled interrupts
ALMOST_EMPTY,
ALMOST_FULL);
/* Register the interrupt handler. */
alt_irq_register( INPUT_FIFO_IN_CSR_IRQ,
input_fifo_wrclk_irq_event_ptr, handle_input_fifo_wrclk_interrupts );
return return_code;
}

24.6. Intel FPGA Avalon FIFO Memory API

This section describes the application programming interface (API) for the Intel FPGA
Avalon FIFO memory core.

24.6.1. altera_avalon_fifo_init()

Prototype: int altera_avalon_fifo_init(alt_u32 address, alt_u32 ienable, alt_u32
emptymark, alt_u32 fullmark)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
ienable—the value to write to the interruptenable register
emptymark—the value for the almost empty threshold level
fullmark—the value for the almost full threshold level

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful, ALTERA_AVALON_FIFO_EVENT_CLEAR_ERROR
for clear errors, ALTERA_AVALON_FIFO_IENABLE_WRITE_ERROR for interrupt enable write errors,
ALTERA_AVALON_FIFO_THRESHOLD_WRITE_ERROR for errors writing the almostfull and
almostempty registers.

Description: Clears the event register, writes the interruptenable register, and sets the almostfull register
and almostempty registers.

24.6.2. altera_avalon_fifo_read_status()

Prototype: int altera_avalon_fifo_read_status(alt_u32 address, alt_u32 mask)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
mask—masks the read value from the status register

Returns: Returns the masked bits of the addressed register.

Description: Gets the addressed register bits—the AND of the value of the addressed register and the mask.
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24.6.3. altera_avalon_fifo_read_ienable()

Prototype: int altera_avalon_fifo_read_ienable(alt_u32 address, alt_u32 mask)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
mask—masks the read value from the interruptenable register

Returns: Returns the logical AND of the interruptenable register and the mask.

Description: Gets the logical AND of the interruptenable register and the mask.

24.6.4. altera_avalon_fifo_read_almostfull()

Prototype: int altera_avalon_fifo_read_almostfull(alt_u32 address)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent

Returns: Returns the value of the almostfull register.

Description: Gets the value of the almostfull register.

24.6.5. altera_avalon_fifo_read_almostempty()

Prototype: int altera_avalon_fifo_read_almostempty(alt_u32 address)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent

Returns: Returns the value of the almostempty register.

Description: Gets the value of the almostempty register.

24.6.6. altera_avalon_fifo_read_event()

Prototype: int altera_avalon_fifo_read_event(alt_u32 address, alt_u32 mask)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
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mask—masks the read value from the event register

Returns: Returns the logical AND of the event register and the mask.

Description: Gets the logical AND of the event register and the mask. To read single bits of the event register use
the single bit masks, for example: ALTERA_AVALON_FIFO_FIFO_EVENT_F_MSK. To read the entire
event register use the full mask: ALTERA_AVALON_FIFO_EVENT_ALL.

24.6.7. altera_avalon_fifo_read_level()

Prototype: int altera_avalon_fifo_read_level(alt_u32 address)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent

Returns: Returns the fill level of the FIFO.

Description: Gets the fill level of the FIFO.

24.6.8. altera_avalon_fifo_clear_event()

Prototype: int altera_avalon_fifo_clear_event(alt_u32 address, alt_u32 mask)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
mask—the mask to use for bit-clearing (1 means clear this bit, 0 means do not clear)

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful, ALTERA_AVALON_FIFO_EVENT_CLEAR_ERROR if
unsuccessful.

Description: Clears the specified bits of the event register.

24.6.9. altera_avalon_fifo_write_ienable()

Prototype: int altera_avalon_fifo_write_ienable(alt_u32 address, alt_u32 mask)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
mask—the value to write to the interruptenable register. See altera_avalon_fifo_regs.h for
individual interrupt bit masks.

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful, ALTERA_AVALON_FIFO_IENABLE_WRITE_ERROR
if unsuccessful.

Description: Writes the specified bits of the interruptenable register.
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24.6.10. altera_avalon_fifo_write_almostfull()

Prototype: int altera_avalon_fifo_write_almostfull(alt_u32 address, alt_u32 data)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
data—the value for the almost full threshold level

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful,
ALTERA_AVALON_FIFO_THRESHOLD_WRITE_ERROR if unsuccessful.

Description: Writes data to the almostfull register.

24.6.11. altera_avalon_fifo_write_almostempty()

Prototype: int altera_avalon_fifo_write_almostempty(alt_u32 address, alt_u23 data)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: address—the base address of the FIFO control agent
data—the value for the almost empty threshold level

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful,
ALTERA_AVALON_FIFO_THRESHOLD_WRITE_ERROR if unsuccessful.

Description: Writes data to the almostempty register.

24.6.12. altera_avalon_write_fifo()

Prototype: int altera_avalon_write_fifo(alt_u32 write_address, alt_u32 ctrl_address,
alt_u32 data)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: write_address—the base address of the FIFO write agent
ctrl_address—the base address of the FIFO control agent to read the status
data—the value to write to address offset 0 for Avalon-MM to Avalon-ST transfers, the value to write to
the single address available for Avalon-MM to Avalon-MM transfers. See the Avalon Interface
Specifications section for the data ordering.

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful, ALTERA_AVALON_FIFO_FULL if unsuccessful.

Description: Writes data to the specified address if the FIFO is not full.

24. Intel FPGA Avalon FIFO Memory Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

298

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 299 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



24.6.13. altera_avalon_write_other_info()

Prototype: int altera_avalon_write_other_info(alt_u32 write_address, alt_u32 ctrl_address,
alt_u32 data)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: write_address—the base address of the FIFO write agent
ctrl_address—the base address of the FIFO control agent to read the status
data—the packet status information to write to address offset 1 of the Avalon interface. See the
Avalon Interface Specifications section for the ordering of the packet status information.

Returns: Returns 0 (ALTERA_AVALON_FIFO_OK) if successful, ALTERA_AVALON_FIFO_FULL if unsuccessful.

Description: Writes the packet status information to the write_address. Only valid when Enable packet data is
on.

24.6.14. altera_avalon_fifo_read_fifo()

Prototype: int altera_avalon_fifo_read_fifo(alt_u32 read_address, alt_u32 ctrl_address)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: read_address—the base address of the FIFO read agent
ctrl_address—the base address of the FIFO control agent to read the status

Returns: Returns the data from address offset 0, or 0 if the FIFO is empty.

Description: Gets the data addressed by read_address.

24.6.15. altera_avalon_fifo_read_other_info()

Prototype: int altera_avalon_fifo_read_other_info(alt_u32 read_address)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_fifo_regs.h>, <altera_avalon_fifo_utils.h>

Parameters: read_address—the base address of the FIFO read agent

Returns: Returns the packet status information from address offset 1 of the Avalon interface. See the Avalon
Interface Specifications section for the ordering of the packet status information.

Description: Reads the packet status information from the specified read_address. Only valid when Enable
packet data is on.

24.7. Intel FPGA Avalon FIFO Memory Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
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Document Version Intel Quartus
Prime Version

Changes

• Software Programming Model
• HAL System Library Support

2019.07.16 19.1 • Corrected the IP core name: from OnChip FIFO Memory Core to Intel
FPGA Avalon FIFO Memory Core.

• Corrected the following signal names:
— clk_in to wrclock
— reset_in to reset_n
— clk_out to rdclock

• Updated the description of ctrl_address in the Intel FPGA Avalon
FIFO Memory API section.

2018.09.24 18.1 Added a new section: Interface Signals.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

July 2014 2014.07.24 Removed mention of Qsys, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in Platform
Designer”, and “Referenced Documents” sections.

July 2010 v10.0.0 Revised the description of the memory map.

November 2009 v9.1.0 Added description to the core overview.

March 2009 v9.0.0 Updated the description of the function altera_avalon_fifo_read_status().

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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25. On-Chip Memory (RAM and ROM) Intel FPGA IP

25.1. Core Overview

Intel FPGAs include on-chip memory blocks that can be used as RAM or ROM in
Platform Designer systems. On-chip memory has the following benefits for Platform
Designer systems:

• On-chip memory has fast access time, compared to off-chip memory.

• Platform Designer automatically instantiates on-chip memory inside the Platform
Designer system, so you do not have to make any manual connections.

• Certain memory blocks can have initialized contents when the FPGA powers up.
This feature is useful, for example, for storing data constants or processor boot
code.

• On-chip memories support dual port accesses, allowing two host to access the
same memory concurrently.

Note: Intel recommends On-Chip Memory for the Nios II processor, and On-Chip Memory II
for the Nios V processor.

25.2. Component-Level Design for On-Chip Memory

In Platform Designer you instantiate on-chip memory by clicking On-chip Memory
(RAM or ROM) from the list of available components. The configuration window for the
On-chip Memory (RAM or ROM) component has the following options: Memory type,
Size, and Read latency.

25.2.1. Memory Type

This options defines the structure of the on-chip memory:

• RAM (writable)—This setting creates a readable and writable memory.

• ROM (read only)—This setting creates a read-only memory.

• Dual-port access—This setting creates a memory component with two agents,
which allows two hosts to access the memory simultaneously.

Note: The memory component operates under true dual-port mode where both
agent ports have address ports for read or write operations. If two hosts
access the same address simultaneously in a dual-port memory undefined
results will occur. Concurrent accesses are only a problem for two writes. A
read and write to the same location will read out the old data and store the
new data.
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• Single clock operation—Single clock operation setting creates single clock source
to clock both agents port. If single clock operation is not selected, each of the two
agents port is clocked by different clock sources.

Note: For Intel Stratix 10 devices, only single clock operation is supported.

• Read During Write Mode—This setting determines what the output data of the
memory should be when a simultaneous read and write to the same memory
location occurs.

• Block type—This setting directs the Intel Quartus Prime software to use a specific
type of memory block when fitting the on-chip memory in the FPGA.

Note: The MRAM blocks do not allow the contents to be initialized during power
up. The M512s memory type does not support dual-port mode where both
ports support both reads and writes.

Because of the constraints on some memory types, it is frequently best to use the
Auto setting. Auto allows the Intel Quartus Prime software to choose a type and the
other settings direct the Intel Quartus Prime software to select a particular type.

25.2.2. Size

This options defines the size and width of the memory.

• Enable different width for Dual-port Access—Different width for dual-port access
status.

Note: A different width for dual-port access is not supported for Intel Stratix 10
devices.

• Agent S1 Data width—This setting determines the data width of the memory. The
available choices are 8, 16, 32, 64, 128, 256, 512, or 1024 bits. Assign Data width
to match the width of the host that accesses this memory the most frequently or
has the most critical throughput requirements. For example, if you are connecting
the on-chip memory to the data host of a Nios II or Nios V processor, you should
set the data width of the on-chip memory to 32 bits, the same as the data-width
of the Nios II or Nios V processor data host. Otherwise, the access latency could
be longer than one cycle because the Avalon interconnect fabric performs width
translation.

• Total memory size—This setting determines the total size of the on-chip memory
block. The total memory size must be less than the available memory in the target
FPGA.

The IP parameter editor accepts characters k and m to specify the memory size in
kilobytes and megabytes respectively. For example: if you enter 1k, it will
automatically resolve to its equivalent bytes which is 1024 bytes in this case.

• This option is only available for devices that include M4K memory blocks. If
selected, the Intel Quartus Prime software divides the memory by depth rather
than width, so that fewer memory blocks are used. This change may decrease
fmax.

25.2.3. Read Latency

On-chip memory components use synchronous, pipelined Avalon-MM agents. Pipelined
access improves fMAX performance, but also adds latency cycles when reading the
memory. The Read latency option allows you to specify either one or two cycles of
read latency required to access data. If the Dual-port access setting is turned on, you
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can specify a different read latency for each agent. When you have dual-port memory
in your system you can specify different clock frequencies for the ports. You specify
this on the System Contents tab in Platform Designer.

25.2.4. ROM/RAM Memory Protection

This setting if enabled, creates additional reset request port for memory protection
during reset. This additional reset input port is used to gate off the clock to the
memory.

25.2.5. ECC Parameter

This setting if enabled, extends the data width to support ECC bits. It does not
instantiate any ECC encoder or decoder logic within this component.

25.2.6. Memory Initialization

The memory initialization parameter section contains the following options:

• Initialize memory content—Option for user to enable memory content
initialization.

• Enable non-default initialization file—You can specify your own initialization file by
selecting Enable non-default initialization file. This option allows the file you
specify to be used to initialize the memory in place of the default initialization file
created by Platform Designer.

• Enable Partial Reconfiguration Initialization Mode—This setting if enabled,
automatically instantiates logic to support Partial Reconfiguration use cases for
initialized memory.

• Enable In-System Memory Content Editor Feature—Enables a JTAG interface used
to read and write to the RAM while it is operating. You can use this interface to
update or read the contents of the memory from your host PC.

25.3. Platform Designer System-Level Design for On-Chip Memory

There are few Platform Designer system-level design considerations for on-chip
memories. See “Platform Designer System-Level Design”.

When generating a new system, Platform Designer creates a blank initialization file in
the Intel Quartus Prime project directory for each on-chip memory that can power up
with initialized contents. The name of this file is <name of memory
component>.hex.

25.4. Simulation for On-Chip Memory

At system generation time, Platform Designer generates a simulation model for the
on-chip memory. This model is embedded inside the Platform Designer system, and
there are no user-configurable options for the simulation testbench.

You can provide memory initialization contents for simulation in the file <Intel
Quartus Prime project directory>/<Platform Designer system
name>_sim/<Memory component name>.hex.
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25.5. Intel Quartus Prime Project-Level Design for On-Chip Memory

The on-chip memory is embedded inside the Platform Designer system, and there are
no signals to connect to the Intel Quartus Prime project.

To provide memory initialization contents, you must fill in the file <name of memory
component>.hex. The Intel Quartus Prime software recognizes this file during design
compilation and incorporates the contents into the configuration files for the FPGA.

Note: For the memory to be initialized, you then must compile the hardware in the Intel
Quartus Prime software for the SRAM Object File (.sof) to pick up the memory
initialization files. All memory types with the exception of MRAMs support this feature.

25.6. Board-Level Design for On-Chip Memory

The on-chip memory is embedded inside the Platform Designer system, and there is
nothing to connect at the board level.

25.7. Example Design with On-Chip Memory

This section demonstrates adding a 4 KByte on-chip RAM to the example design. This
memory uses a single agent interface with a read latency of one cycle.

For demonstration purposes, the figure below shows the result of generating the
Platform Designer system at this stage. In a normal design flow, you generate the
system only after adding all system components.

Figure 77. Platform Designer System with On-Chip Memory
onchip_memory2_0

altera_avalon_onchip_memory2

clk1

s1

reset1

clock

avalon

reset

Because the on-chip memory is contained entirely within the Platform Designer
system, Platform Designer memory_system has no I/O signals associated with
onchip_ram. Therefore, you do not need to make any Intel Quartus Prime project
connections or assignments for the on-chip RAM, and there are no board-level
considerations.
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25.8. On-Chip Memory (RAM and ROM) Intel FPGA IP Revision
History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for Size section.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

May 2017 2017.05.08 Initial release
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26. On-Chip Memory II (RAM or ROM) Intel FPGA IP

26.1. Core Overview

Intel FPGAs include On-Chip Memory II blocks that can be used as RAM or ROM in
Platform Designer systems. On-Chip Memory II has the following benefits for Platform
Designer systems:

• On-Chip Memory II has fast access time, compared to off-chip memory.

• Platform Designer automatically instantiates On-Chip Memory II inside the
Platform Designer system, so you do not have to make any manual connections.

• Certain memory blocks can have initialized contents when the FPGA powers up.
This feature is useful, for example, for storing data constants or processor boot
code.

• On-Chip Memory II supports dual port accesses, allowing two master to access the
same memory concurrently.

Note: Intel recommends On-Chip Memory for the Nios II processor, and On-Chip Memory II
for the Nios V processor.

26.2. Embedded Memory Architecture and Features

The On Chip Memory II provides the following features:

• Selection of Avalon memory-mapped or AXI-4 interface

• AXI On Chip Memory II support up to two AXI subordinate interfaces for RAM (One
read port and one write port, two read ports and two write ports) or ROM (One
read port, two read ports)

• Avalon memory-mapped On Chip Memory II support RAM (one port, Simple two
Ports with one Write Port and one Read Port, Bidirectional two Ports) or ROM (one
read port and two read ports)

• Support “Single Clock” or “Dual Clock”

• Various RAM BLOCK TYPE (AUTO, MLAB, M20K)

• Register Pipelining

• Various mixed port read during write mode

• Various same port read during write mode

• In System Memory Content Editor

• Mixed Port Width

• Auto Clock Enable based on Memory activity

• Memory Initialize
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Figure 78. High Level Block Diagram
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26.3. Component-Level Configurations

In Platform Designer, you instantiate On-Chip Memory II by clicking On-Chip Memory
II (RAM or ROM) from the list of available components. The configuration window for
the On-Chip Memory II (RAM or ROM) component has the following options:
Interface type, Memory type, Clock Enable, Size, Read During Write Mode,
Read latency, ROM/RAM Memory Protection, and Memory initialization.

On-Chip Memory II IP core consists of two different interface selections:

• Avalon Memory-Mapped

• AXI-4

Configuration options vary with each interface type.

Related Information

• Avalon Memory-Mapped On-Chip Memory II Configuration on page 307

• AXI-4 On-Chip Memory II Configuration on page 312

26.3.1. Avalon Memory-Mapped On-Chip Memory II Configuration

26.3.1.1. Avalon Memory-Mapped Interface

The Avalon memory-mapped Address, byteenable, write, read, write data, and
read data signals are directly mapped to altera_syncram respective signals. Clock
enable is derived internally.

For more information, refer to Clock Enable.

Figure 79. Block Diagram with Avalon Memory-Mapped Interface
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altera_syncram
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Figure 80. On-Chip Memory II (RAM or ROM) Intel FPGA IP GUI for Avalon Memory-
Mapped Interface Type

26.3.1.2. Memory Type

These options define the memory type of the Avalon memory-mapped On-Chip
Memory II:
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• Type:

— RAM (writable)—This setting creates a readable and writable memory.

— ROM (read only)—This setting creates a read-only memory.

• Dual-port access—

— Single Port—This setting creates a memory component with one Avalon
memory-mapped agent.

— Dual Port—This setting creates a memory component with two Avalon
memory-mapped agents, which allows two hosts to access the memory
simultaneously.

— Simple Dual Port (Only applicable to RAM)—This setting creates memory
component with two Avalon memory-mapped agents, where agent 1 supports
write operation only, while agent 2 supports read operation only.

• Enable Debug Access Port (Only applicable to ROM)—This setting when enabled
opens the Debug Access Port interface. By asserting debugaccess signal, host
processor are allowed to write to On-Chip Memory II configured as ROMs.

• Single clock operation (Only applicable to RAM)—Single clock operation setting
creates single clock source to clock both agents' port. If single clock operation is
not selected, each of the two agents port is clocked by different clock sources.

• Block type—This setting directs the Intel Quartus Prime software to use a specific
type of memory block when fitting the On-Chip Memory II in the FPGA. There are
three settings:

— Auto—Allows Intel Quartus Prime software to choose a type of memory block
when fitting the on-chip memory in the FPGA. This setting is the best to use
because of the constraints on some memory types.

— M20K—This setting is selected when fitting the On-Chip Memory II in the
FPGA.

— MLAB—This setting is selected when fitting the On-Chip Memory II in the
FPGA.

Note: MLAB does not support True Dual-Port memory and different data width
on different ports.

26.3.1.3. Clock Enable

This option defines the settings for the Disable Clock Enable when NO Read or
Write Activity.

When enabled, the clock is only enabled during WRITE or READ activity; otherwise it is
disabled.

Figure 81. Clock Enable Timing Diagram for Avalon Memory-Mapped based Interface
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26.3.1.4. Size

These options define the size and width of the memory.

• Enable different width for Dual-port Access—Different width for dual-port access
status.

• Agent S1/S2 data width—This setting determines the data width of the memory.
The available choices are 8, 16, 32, 64, 128, 256, 512, or 1024 bits. Assign Data
width to match the width of the host that frequently accesses this memory or has
the most critical throughput requirements. For example, if you are connecting the
on-chip memory II to the data host of a Nios V processor, you should set the data
width of the On-Chip Memory II to 32 bits, the same as the data-width of the Nios
V data host. Otherwise, the access latency could be longer than one cycle because
the Avalon interconnect fabric performs width translation.

• Total memory size—This setting determines the total size of the On-Chip Memory
II block. The total memory size must be less than the available memory in the
target FPGA.

Table 271. Supported Mixed Port Width Ratio Configuration

Device Family

Simple Dual-Port True Dual-Port

Without Byte Enable
(When S1/S2 data

width = 8 bit)
With Byte Enable

Without Byte Enable
(When S1/S2 data

width = 8 bit)

With Byte Enable

Intel Arria 10 1, 2, 4, 8, 16, 32 1, 2, 4 1 1, 2

Intel Stratix 10/Intel
Agilex

1, 2, 4, 8, 16, 32

Note: 8, 16, and 32
are emulated.

1, 2, 4 1
1

Note: Mixed port width is supported in AUTO and M20K memory type only.

26.3.1.5. Read During Write Mode

This option defines the settings for the Mixed-Port Read During Write Mode setting

The DONT_CARE, OLD_DATA, and NEW_DATA settings determine what the output data
of the memory should be when a simultaneous read and write to the same memory
location occurs.

The following shows the different Mixed-Port Read During Write mode setting available
with Avalon memory-mapped interface On-Chip Memory II IP.

Table 272. Intel Stratix 10/Intel Agilex Mixed-Port Read During Write Mode Settings

Dual-port access Block Type RAM ROM

L1 Output Register for Port L1 Output Register for Port

Disable Enable Disable Enable

SinglePort AUTO
M20K

- - - -

MLAB - - - -

continued...   
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Dual-port access Block Type RAM ROM

L1 Output Register for Port L1 Output Register for Port

Disable Enable Disable Enable

SimpleDualPort* AUTO
M20K

DONT_CARE

OLD_DATA

DONT_CARE

OLD_DATA

- -

MLAB DONT_CARE DONT_CARE

OLD_DATA

NEW_DATA

- -

DualPort AUTO
M20K

DONT_CARE DONT_CARE - -

MLAB - - - -

*Single clock operation is enabled

Table 273. Intel Arria 10 Mixed-Port Read During Write Mode Settings

Dual-port access Block Type RAM ROM

L1 Output Register for Port L1 Output Register for Port

Disable Enable Disable Enable

SinglePort AUTO
M20K

- - - -

MLAB - - - -

SimpleDualPort* AUTO
M20K

DONT_CARE

OLD_DATA

DONT_CARE

OLD_DATA

- -

MLAB DONT_CARE DONT_CARE

OLD_DATA

NEW_DATA

- -

DualPort* AUTO
M20K

DONT_CARE

OLD_DATA

DONT_CARE

OLD_DATA

- -

MLAB - - - -

*Single clock operation is enabled

26.3.1.6. Read Latency

These options define the read latency of the On-Chip Memory II.

The IP has a minimum read latency of 1 and can be increased by enabling additional
level of output registers.

When the following settings are enabled, the following occurs:

• Enable Level 1 output register for Port 1/ 2—For a minimum of one cycle of read
latency required to access data. This setting enables internal memory component
output register and read latency increases by one for respective port.

• Enable Level 2 output register for Port 1/ 2—For a minimum of one cycle of read
latency required to access data. This setting enables external memory component
output register and read latency increases by one for respective port.
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26.3.1.7. ROM/RAM Memory Protection

This option, if enabled, creates additional reset request ports for the memory
protection during reset.

This additional reset input port is asserted to gate off the clock to the memory.

26.3.1.8. Memory Initialization

The memory initialization parameter section contains the following options:

• Initialize memory content—Option for user to enable memory content
initialization.

• Enable non-default initialization file—You can specify your own initialization file by
selecting Enable non-default initialization file. This option allows the file you
specify to be used to initialize the memory in place of the default initialization file
created by Platform Designer.

• Implement Clock-Enable Circuitry for Use in a Partial Reconfiguration Region—This
setting if enabled, automatically instantiates logic to support Partial
Reconfiguration use cases for initialized memory.

• Enable In-System Memory Content Editor Feature—Enables a JTAG interface used
to read and write to the RAM while it is operating. You can use this interface to
update or read the contents of the memory from your host PC.

26.3.2. AXI-4 On-Chip Memory II Configuration

26.3.2.1. AXI-4 Interface

An AXI Burst adapter is added to serve as the AXI interface interpreter to
altera_syncram. It is designed to support the following features:

• AXI-4 interface protocols

• Independent Read and Write Channels

• AXI-4 Burst (A burst must not cross a 4KB address boundary)

— INCR burst size up to 256 data transfers

— WRAP bursts of 2, 4, 8, and 16 data beats

• AXI narrow and unaligned burst transfers

• Data-width up to 1024 bits

• Address-width up to 64 bits

• Up to two interfaces support

• Optional Identification Tag. Out of order transaction is not supported and
misbehave might be resulted

• Single clock support only

Clock enable is derived internally. For more information, refer to Clock Enable on
page 314
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Figure 82. Block Diagram with AXI Interface
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Figure 83. On-Chip Memory II (RAM or ROM) Intel FPGA IP GUI for AXI-4 Interface Type
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26.3.2.2. Memory Type

These options define the memory type of the AXI-4 On-Chip Memory II

• Type—

— RAM (writable)—This setting creates a readable and writable memory.

— ROM (read only)—This setting creates a read-only memory.*

• Number of AXI interfaces—

— Single Interface—This setting creates a memory component with a single
AXI-4 agent. Each AXI-4 agent consists of independent read and write
channels.

— Dual Interfaces**—This setting creates a memory component with two AXI-4
agents. Each AXI-4 agent consists of independent read and write channels.

Note: *AXI-4 ROM memory-type exposed both read and write channels. AXI-4
ROM write channel will be terminated internally and any write transaction
will not take effect.

**Dual AXI interfaces for RAM memory type is only supported in Intel
Stratix 10 and Intel Agilex devices.

• Block Type—This setting directs the Intel Quartus Prime software to use a specific
type of memory block when fitting the On-Chip Memory II in the FPGA. There are
three settings:

— Auto—Allows Intel Quartus Prime software to choose a type of memory block
when fitting the On-Chip Memory in the FPGA. This setting is the best to use
because of the constraints on some memory types.

— M20K—This setting is selected when fitting the On-Chip Memory II in the
FPGA.

— MLAB—This setting is selected when fitting the On-Chip Memory II in the
FPGA.

Note: MLAB does not support AXI-4 dual interface.

26.3.2.3. Clock Enable

This option defines the settings for the Disable Clock Enable when NO Read or Write
Activity setting.

When enabled, the clock is enabled only during WRITE or READ activity; otherwise it is
disabled.
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Figure 84. Clock Enabled Timing Diagram for AXI-4 Based Interface
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26.3.2.4. Size

These options define the size and width of the memory.

• S1 Data Width—This setting determines the data width of the memory. The
available choices are 8, 16, 32, 64, 128, 256, 512, or 1024 bits. Assign Data
Width to match the width of the host that frequently accesses this memory or has
the most critical throughput requirements. For example, if you are connecting the
On-Chip Memory II to the data host of a Nios V processor, you should set the data
width of the On-Chip Memory II to 32 bits, the same as the data-width of the Nios
V data host. Otherwise, the access latency could be longer than one cycle because
the Avalon interconnect fabric performs width translation.

• S1 AXI Transaction ID Width—This setting determines the width of the AXI
Transaction ID.

• Total memory size—This setting determines the total size of the On-Chip Memory
II block. The total memory size must be less than the available memory of the
target FPGA.
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26.3.2.5. Read During Write Mode

This option defines the settings for the Mixed-Port Read During Write Mode.

The DONT_CARE, OLD_DATA, and NEW_DATA settings determine what the output data
of the memory should be when a simultaneous read and write to the same memory
location occurs.

The following tables show the different Mixed-Port Read During Write Mode setting
available with AXI-4 Interface On-Chip Memory II IP.

Table 274. Intel Stratix 10/Intel Agilex Mixed-Port Read During Write Mode Setting

Number of AXI Interface Block Type RAM ROM

Single AUTO
M20K

DON’T_CARE

OLD DATA

-

MLAB DON’T_CARE -

Dual AUTO
M20K

S1 NEW_DATA

S2 OLD_DATA

-

MLAB - -

Table 275. Intel Arria 10 Mixed-Port Read During Write Mode Setting

Number of AXI Interface Block Type RAM ROM

Single AUTO
M20K

DON’T_CARE

OLD DATA

-

MLAB DON’T_CARE -

Dual AUTO
M20K

- -

MLAB - -

26.3.2.6. ROM/RAM Memory Protection

This option, if enabled, creates additional reset request ports for the memory
protection during reset.

This additional reset input port is asserted to gate off the clock to the memory.
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26.3.2.7. Memory Initialization

The memory initialization parameter section contains the following options:

• Initialize memory content—Option for user to enable memory content
initialization.

• Enable non-default initialization file—You can specify your own initialization file by
selecting Enable non-default initialization file. This option allows the file you
specify to be used to initialize the memory in place of the default initialization file
created by Platform Designer.

• Implement Clock-Enable Circuitry for Use in a Partial Reconfiguration Region—This
setting if enabled, automatically instantiates logic to support Partial
Reconfiguration use cases for initialized memory.

• Enable In-System Memory Content Editor Feature—Only supported in single AXI
interface for ROM memory type.

26.4. Interface Signals

This section describes the interface signals for Avalon Memory-Mapped and AXI-4
configuration mode.

Related Information

• Avalon Memory-Mapped Interface Signals on page 317

• AXI-4 Interface Signals on page 321

26.4.1. Avalon Memory-Mapped Interface Signals

Table 276. Interface Signals for Avalon Memory-Mapped Single Port RAM

Signal Names Width (bit) Direction Description

Clock Interface

clk 1 Input Clock for Avalon Memory-Mapped Agent.

Reset Interface

reset 1 Input Reset for Avalon Memory-Mapped Agent.

reset_req 1 Input Optional signal to perform clock gating to
memory during reset.

Avalon Memory-Mapped Agent

address 2-26 Input Word addresses derived from log2 (memory
size/(data width in byte)).

write 1 Input Asserted to indicate a write transfer.

byteenable
2, 4, 8, 16, 32, 64,

128 Input

Enables specific byte lane(s) during transfers
on interfaces of width greater than 8 bits.
Each bit corresponds to a byte in
writedata. readdata would not be
affected by byteenable.

continued...   
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Signal Names Width (bit) Direction Description

writedata
8, 16, 32, 64, 128,

256, 512, 1024 Input Data for write transfer.

read 1 Input Asserted to indicate a read transfer.

readdata
8, 16, 32, 64, 128,

256, 512, 1024 Output Data for read transfer.

Table 277. Interface Signals for Avalon Memory-Mapped Simple Dual Port RAM (Port 1
Write, Port 2 Read)

Signal Names Width (bit) Direction Description

Clock Interface

clk 1 Input

Clock for Avalon Memory-Mapped Agent. If
dual clock is enabled, this is the clock
domain for Avalon Memory-Mapped Port1
only.

clk2 1 Input

Clock for Avalon Memory-Mapped Agent 2.
Only available for dual clock mode. This is
the clock domain for Avalon Memory-Mapped
Port2.

Reset Interface

reset 1 Input

Reset for Avalon Memory-Mapped Agent. If
dual clock is enabled, this is the reset
domain for Avalon Memory-Mapped Port1
only.

reset2 1 Input

Reset for Avalon Memory-Mapped Agent 2.
Only available for dual clock mode. This is
the reset domain for Avalon Memory-Mapped
Port2.

reset_req 1 Input Optional signal to perform clock gating to
memory during reset.

reset_req2 1 Input Optional signal to perform clock gating to
memory during reset.

Avalon Memory-Mapped Agent (Port1 Write only)

address 2-26 Input Word addresses derived from log2 (memory
size/(data width in byte)).

write 1 Input Asserted to indicate a write transfer.

byteenable
2, 4, 8, 16, 32, 64,

128 Input

Enables specific byte lane(s) during transfers
on interfaces of width greater than 8 bits.
Each bit corresponds to a byte in
writedata. readdata would not be
affected by byteenable.

writedata
8, 16, 32, 64, 128,

256, 512, 1024 Input Data for write transfer.

Avalon Memory-Mapped Agent (Port2 Read only)

address2 2-26 Input Word addresses derived from log2 (memory
size/(data width in byte)).

read2 1 Input Asserted to indicate a read transfer.

readdata2
8, 16, 32, 64, 128,

256, 512, 1024 Output Data for read transfer.
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Table 278. Interface Signals for Avalon Memory-Mapped True Dual Port RAM

Signal Names Width (bit) Direction Description

Clock Interface

clk 1 Input
Clock for Avalon Memory-Mapped Agent.
This is the clock domain for both Avalon
Memory-Mapped ports.

clk2 1 Input

Clock for Avalon Memory-Mapped Agent 2.
Only available for dual clock mode. This is
the clock domain for Avalon Memory-Mapped
Port2.

Reset Interface

reset 1 Input
Reset for Avalon Memory-Mapped Agent.
This is the reset domain for both Avalon
Memory-Mapped ports.

reset2 1 Input

Reset for Avalon Memory-Mapped Agent 2.
Only available for dual clock mode. This is
the reset domain for Avalon Memory-Mapped
Port2.

reset_req 1 Input Optional signal to perform clock gating to
memory during reset.

reset_req2 1 Input Optional signal to perform clock gating to
memory during reset.

Avalon Memory-Mapped Agent (Port 1)

address 2-26 Input Word addresses derived from log2 (memory
size/(data width in byte)).

write 1 Input Asserted to indicate a write transfer.

byteenable
2, 4, 8, 16, 32, 64,

128 Input

Enables specific byte lane(s) during transfers
on interfaces of width greater than 8 bits.
Each bit corresponds to a byte in
writedata. readdata would not be
affected by byteenable.

writedata
8, 16, 32, 64, 128,

256, 512, 1024 Input Data for write transfer.

read 1 Input Asserted to indicate a read transfer.

readdata
8, 16, 32, 64, 128,

256, 512, 1024 Output Data for read transfer.

Avalon Memory-Mapped Agent (Port 2)

address2 2-26 Input Word addresses derive from log2 (memory
size/(data width in byte)).

write2 1 Input Asserted to indicate a write transfer.

byteenable2
2, 4, 8, 16, 32, 64,

128 Input

Enables specific byte lane(s) during transfers
on interfaces of width greater than 8 bits.
Each bit corresponds to a byte in
writedata. readdata would not be
affected by byteenable.
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Signal Names Width (bit) Direction Description

writedata2
8, 16, 32, 64, 128,

256, 512, 1024 Input Data for write transfer.

read2 1 Input Asserted to indicate a read transfer.

readdata2
8, 16, 32, 64, 128,

256, 512, 1024 Output Data for read transfer.

26.4.2. Avalon Memory-Mapped Interface Timing Diagram

Figure 85. Avalon Memory-Mapped Reset

clk

reset
address

write

writedata

byteenable

0 1 2 3 4 5 6 7 8 9 10 11

0xA101 0xA102 0xA103 0xA104 0x2B01 0x2B02
4’b1111 4’b1111 4’b1111 4’b1111 4’b1111 4’b1111

0x000 0x004 0x008 0x00c 0x010 0x014

Figure 86. Avalon Memory-Mapped Write
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Figure 87. Avalon Memory-Mapped Read
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Figure 88. Avalon Memory-Mapped Write and Read with Clock Enable
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26.4.3. AXI-4 Interface Signals

Table 279. Interface Signals for AXI-4 Single Subordinate Interface

Signal Names Width (bit) Direction Description

Clock Interface

clk 1 Input Clock for AXI Agent domain.

Reset Interface

reset 1 Input Reset for AXI Agent domain.

reset_req 1 Input Optional signal to perform clock gating to
memory during reset.

AXI Agent

s1_awid [IDW-1:0] Input Write Address ID. Identification tag for write
transaction.

s1_awaddr [AW-1:0] Input

Write Address. The address of the first
transfer in a write transaction. The
subsequent address is derived based on the
burst information.

s1_awlen [7:0] Input Write Length. Number of data transfer in a
write transaction.

s1_awsize [2:0] Input Write Size. Number of bytes in each data
transfer in a write transaction.

s1_awburst [1:0] Input Write Burst Type. Support INCR and WRAP.

s1_awvalid 1 Input Write Address Valid. Indicates that write
address channel signals are valid.

s1_awready 1 Output
Write Address Ready. Indicates that a
transfer on the write address channel can be
accepted.

s1_wdata [DW-1:0] Input Write Data.

s1_wstrb [DW/8-1:0] Input Write Data Strobes. Indicates which byte
lanes hold valid data.

s1_wlast 1 Input Write Data Last. Mark the last write data in a
write transaction.

s1_wvalid 1 Input Write Data Valid.

s1_wready 1 Output Write Data Ready

s1_bid [IDW-1:0] Output Write Response ID. Identification tag for
write response transaction.

s1_bresp [1:0] Output Write Response.

s1_bvalid 1 Output Write Response Valid.

s1_bready 1 Input Write Response Ready.

s1_arid [IDW-1:0] Input Read Address ID. Identification tag for read
transaction.

s1_araddr [AW-1:0] Input

Read Address. The address of the first
transfer in a read transaction. The
subsequent address is derived based on the
burst information.
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Signal Names Width (bit) Direction Description

s1_arlen [7:0] Input Read length. Indicates the number of data
transfers in a read transaction.

s1_arsize [2:0] Input Read Size. Indicates the number of bytes in
each data transfer in a read transaction.

s1_arburst [1:0] Input Read Burst Type. Support INCR and WRAP.

s1_arvalid 1 Input Read Address Valid. Indicates that read
address channel signals are valid.

s1_arready 1 Output
Read Address Ready. Indicates that a
transfer on the read address channel can be
accepted.

s1_rid [IDW-1:0] Output Read Data ID. Identification tag for read
data transaction.

s1_rdata [DW-1:0] Output Read Data.

s1_rresp [1:0] Output Read Data Response.

s1_rlast 1 Output Read Data Last.

s1_rvalid 1 Output Read Data Valid.

s1_rready 1 Input Read Data Ready.

Note:
1. IDW = Identification Tag Data Bit Width
2. AW = Address Bit Width
3. DW = Data Bit Width

Table 280. Interface Signals for AXI-4 Second Subordinate Interface

Signal Names Width (bit) Direction Description

Clock Interface

clk 1 Input Clock for AXI Agent domain.

Reset Interface

reset 1 Input Reset for AXI Agent domain.

reset_req 1 Input Optional signal to perform clock gating to
memory during reset.

AXI Agent

s2_awid [IDW-1:0] Input Write Address ID. Identification tag for write
transaction.

s2_awaddr [AW-1:0] Input

Write Address. The address of the first
transfer in a write transaction. The
subsequent address is derived based on the
burst information.

s2_awlen [7:0] Input Write Length. Number of data transfer in a
write transaction.

s2_awsize [2:0] Input Write Size. Number of bytes in each data
transfer in a write transaction.

s2_awburst [1:0] Input Write Burst Type. Support INCR and WRAP.

s2_awvalid 1 Input Write Address Valid. Indicates that write
address channel signals are valid.
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Signal Names Width (bit) Direction Description

s2_awready 1 Output
Write Address Ready. Indicates that a
transfer on the write address channel can be
accepted.

s2_wdata [DW-1:0] Input Write Data.

s2_wstrb [DW/8-1:0] Input Write Data Strobes. Indicates which byte
lanes hold valid data.

s2_wlast 1 Input Write Data Last. Mark the last write data in a
write transaction.

s2_wvalid 1 Input Write Data Valid.

s2_wready 1 Output Write Data Ready

s2_bid [IDW-1:0] Output Write Response ID. Identification tag for
write response transaction.

s2_bresp [1:0] Output Write Response.

s2_bvalid 1 Output Write Response Valid.

s2_bready 1 Input Write Response Ready.

s2_arid [IDW-1:0] Input Read Address ID. Identification tag for read
transaction.

s2_araddr [AW-1:0] Input

Read Address. The address of the first
transfer in a read transaction. The
subsequent address is derived based on the
burst information.

s2_arlen [7:0] Input Read length. Indicates the number of data
transfers in a read transaction.

s2_arsize [2:0] Input Read Size. Indicates the number of bytes in
each data transfer in a read transaction.

s2_arburst [1:0] Input Read Burst Type. Support INCR and WRAP.

s2_arvalid 1 Input Read Address Valid. Indicates that read
address channel signals are valid.

s2_arready 1 Output
Read Address Ready. Indicates that a
transfer on the read address channel can be
accepted.

s2_rid [IDW-1:0] Output Read Data ID. Identification tag for read
data transaction.

s2_rdata [DW-1:0] Output Read Data.

s2_rresp [1:0] Output Read Data Response.

s2_rlast 1 Output Read Data Last.

s2_rvalid 1 Output Read Data Valid.

s2_rready 1 Input Read Data Ready.

Note:
1. IDW = Identification Tag Data Bit Width
2. AW = Address Bit Width
3. DW = Data Bit Width

26. On-Chip Memory II (RAM or ROM) Intel FPGA IP

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

323

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 324 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



26.4.4. AXI Interface Timing Diagram

Figure 89. AXI Reset
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Figure 90. AXI Write with Wrapping Burst
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Figure 91. AXI Write with INCR Burst
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Figure 92. AXI Write with Back Pressure (WVALID back pressure)
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Figure 93. AXI Write with Back Pressure (BREADY Back Pressure)
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Figure 94. AXI Read with Back Pressure (RREADY)
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Figure 95. AXI Read
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26.5. Platform Designer System-Level Design for On-Chip Memory
II

There are few Platform Designer system-level design considerations for on-chip
memories. See “Platform Designer System-Level Design”.

When generating a new system, Platform Designer creates a blank initialization file in
the Intel Quartus Prime project directory for each on-chip memory II that can power
up with initialized contents. The name of this file is <name of memory
component>.hex.

Related Information

Intel Quartus Prime Pro Edition User Guide: Platform Designer

26.6. Simulation for On-Chip Memory II

At system generation time, Platform Designer generates a simulation model for the
on-chip memory II. This model is embedded inside the Platform Designer system, and
there are no user-configurable options for the simulation testbench.

You can provide memory initialization contents for simulation in the file <Intel
Quartus Prime project directory>/<Platform Designer system
name>_sim/<Memory component name>.hex.
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26.7. Intel Quartus Prime Project-Level Design for On-Chip Memory
II

The on-chip memory II is embedded inside the Platform Designer system, and there
are no signals to connect to the Intel Quartus Prime project.

To provide memory initialization contents, you must fill in the file <name of memory
component>.hex. The Intel Quartus Prime software recognizes this file during design
compilation and incorporates the contents into the configuration files for the FPGA.

Note: For the memory to be initialized, you then must compile the hardware in the Intel
Quartus Prime software for the SRAM Object File (.sof) to pick up the memory
initialization files. All memory types with the exception of MRAMs support this feature.

26.8. Board-Level Design for On-Chip Memory II

The on-chip memory II is embedded inside the Platform Designer system, and there is
nothing to connect at the board level.

26.9. Example Design with On-Chip Memory II

This section demonstrates adding a 4 KByte on-chip RAM II to the example design.
This memory uses a single agent interface with a read latency of one cycle.

For demonstration purposes, the figure below shows the result of generating the
Platform Designer system at this stage. In a normal design flow, you generate the
system only after adding all system components.

Figure 96. Platform Designer System with On-Chip Memory II

CLK

RESET

altera_syncram
AVMM/AXI

Because the on-chip memory II is contained entirely within the Platform Designer
system, Platform Designer memory_system has no I/O signals associated with
onchip_ram. Therefore, you do not need to make any Intel Quartus Prime project
connections or assignments for the on-chip RAM II, and there are no board-level
considerations.
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26.10. On-Chip Memory II (RAM and ROM) Intel FPGA IP Revision
History

Document Version Intel Quartus
Prime Version

Changes

2022.03.28 22.1 • Added AXI On-Chip Memory II RAM/ROM (2 ports) support in
Architecture and Features topic.

• Restructure topics to separate Avalon Memory-Mapped and AXI:
— Added Avalon Memory-Mapped On-Chip Memory II Configuration

topic.
— Added AXI-4 On-Chip Memory II Configuration topic.
— Added Avalon Memory-Mapped Interface Signals topic.
— Added AXI-4 Interface Signals topic.
— Added Avalon Memory-Mapped Interface Timing Diagram topic.
— Added AXI Interface Timing Diagram topic.

2021.12.13 21.4 Added AXI-4 feature

2021.10.04 21.3 Initial release.
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27. Optrex 16207 LCD Controller Core
Attention: The Optrex 16207 LCD Controller Core is part of a product obsolescence and support

discontinuation schedule. For new design, Intel recommends that you use other IPs
with equivalent functions. To see a list of available IPs, refer to the Intel FPGA IP
Portfolio page.

27.1. Core Overview

The Optrex 16207 LCD controller core with Avalon Interface (LCD controller core)
provides the hardware interface and software driver required for a Nios II processor to
display characters on an Optrex 16207 (or equivalent) 16×2-character LCD panel.
Device drivers are provided in the HAL system library for the Nios II processor. Nios II
programs access the LCD controller as a character mode device using ANSI C standard
library routines, such as printf(). The LCD controller is Platform Designer-ready,
and integrates easily into any Platform Designer-generated system.

The Nios II Embedded Design Suite (EDS) includes an Optrex LCD module and provide
several ready-made example designs that display text on the Optrex 16207 via the
LCD controller.

For details about the Optrex 16207 LCD module, see the manufacturer's Dot Matrix
Character LCD Module User's Manual available online.

27.2. Functional Description

The LCD controller core consists of two user-visible components:

• Eleven signals that connect to pins on the Optrex 16207 LCD panel—These signals
are defined in the Optrex 16207 data sheet.

— E—Enable (output)

— RS—Register Select (output)

— R/W—Read or Write (output)

— DB0 through DB7—Data Bus (bidirectional)

• An Avalon Memory-Mapped (Avalon-MM) agent interface that provides access to 4
registers.
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Figure 97. LCD Controller Block Diagram
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27.3. Software Programming Model

This section describes the software programming model for the LCD controller.

27.3.1. HAL System Library Support

Intel provides HAL system library drivers for the Nios II processor that enable you to
access the LCD controller using the ANSI C standard library functions. The Intel-
provided drivers integrate into the HAL system library for Nios II systems. The LCD
driver is a standard character-mode device, as described in the Nios II Software
Developer’s Handbook. Therefore, using printf() is the easiest way to write
characters to the display.

The LCD driver requires that the HAL system library include the system clock driver.

27.3.2. Displaying Characters on the LCD

The driver implements VT100 terminal-like behavior on a miniature scale for the 16×2
screen. Characters written to the LCD controller are stored to an 80-column × 2-row
buffer maintained by the driver. As characters are written, the cursor position is
updated. Visible characters move the cursor position to the right. Any visible
characters written to the right of the buffer are discarded. The line feed character (\n)
moves the cursor down one line and to the left-most column.

The buffer is scrolled up as soon as a printable character is written onto the line below
the bottom of the buffer. Rows do not scroll as soon as the cursor moves down to
allow the maximum useful information in the buffer to be displayed.

If the visible characters in the buffer fit on the display, all characters are displayed. If
the buffer is wider than the display, the display scrolls horizontally to display all the
characters. Different lines scroll at different speeds, depending on the number of
characters in each line of the buffer.

The LCD driver supports a small subset of ANSI and VT100 escape sequences that can
be used to control the cursor position, and clear the display as shown below.
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Table 281. Escape Sequence Supported by the LCD Controller

Sequence Meaning

BS   (\b) Moves the cursor to the left by one character.

CR   (\r) Moves the cursor to the start of the current line.

LF   (\n) Moves the cursor to the start of the line and move it down
one line.

ESC (  (\x1B) Starts a VT100 control sequence.

ESC   [   <y>   ;   <x>   H Moves the cursor to the y, x position specified – positions
are counted from the top left which is 1;1.

ESC   [  K Clears from current cursor position to end of line.

ESC   [   2  J Clears the whole screen.

The LCD controller is an output-only device. Therefore, attempts to read from it
returns immediately indicating that no characters have been received.

The LCD controller drivers are not included in the system library when the Reduced
device drivers option is enabled for the system library. If you want to use the LCD
controller while using small drivers for other devices, add the preprocessor option—
DALT_USE_LCD_16207 to the preprocessor options.

27.3.3. Software Files

The LCD controller is accompanied by the following software files. These files define
the low-level interface to the hardware and provide the HAL drivers. Application
developers should not modify these files.

• altera_avalon_lcd_16207_regs.h — This file defines the core's register
map, providing symbolic constants to access the low-level hardware.

• altera_avalon_lcd_16207.h, altera_avalon_lcd_16207.c — These files
implement the LCD controller device drivers for the HAL system library.

27.3.4. Register Map

The HAL device drivers make it unnecessary for you to access the registers directly.
Therefore, Intel does not publish details about the register map. For more information,
the altera_avalon_lcd_16207_regs.h file describes the register map, and the
Dot Matrix Character LCD Module User's Manual from Optrex describes the register
usage.

27.3.5. Interrupt Behavior

The LCD controller does not generate interrupts. However, the LCD driver's text
scrolling feature relies on the HAL system clock driver, which uses interrupts for timing
purposes.
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27.4. Optrex 16207 LCD Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added product obsolescence and support discontinuation notice.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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28. PIO Core

28.1. Core Overview

The parallel input/output (PIO) core with Avalon interface provides a memory-mapped
interface between an Avalon Memory-Mapped (Avalon-MM) agent port and general-
purpose I/O ports. The I/O ports connect either to on-chip user logic, or to I/O pins
that connect to devices external to the FPGA.

The PIO core provides easy I/O access to user logic or external devices in situations
where a “bit banging” approach is sufficient. Some example uses are:

• Controlling LEDs

• Acquiring data from switches

• Controlling display devices

• Configuring and communicating with off-chip devices, such as application-specific
standard products (ASSP)

The PIO core interrupt request (IRQ) output can assert an interrupt based on input
signals.

Note: This IP core supports Intel eASIC N5X devices.

28.2. Functional Description

Each PIO core can provide up to 32 I/O ports. An intelligent host such as a
microprocessor controls the PIO ports by reading and writing the register-mapped
Avalon-MM interface. Under control of the host, the PIO core captures data on its
inputs and drives data to its outputs. When the PIO ports are connected directly to I/O
pins, the host can tristate the pins by writing control registers in the PIO core. The
example below shows a processor-based system that uses multiple PIO cores to drive
LEDs, capture edges from on-chip reset-request control logic, and control an off-chip
LCD display.
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Figure 98. System Using Multiple PIO Cores
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When integrated into an Platform Designer-generated system, the PIO core has two
user-visible features:

• A memory-mapped register space with four registers: data, direction,
interruptmask, and edgecapture

• 1 to 32 I/O ports

The I/O ports can be connected to logic inside the FPGA, or to device pins that
connect to off-chip devices. The registers provide an interface to the I/O ports via
the Avalon-MM interface. See Register Map for the PIO Core table for a
description of the registers.

28.2.1. Data Input and Output

The PIO core I/O ports can connect to either on-chip or off-chip logic. The core can be
configured with inputs only, outputs only, or both inputs and outputs. If the core is
used to control bidirectional I/O pins on the device, the core provides a bidirectional
mode with tristate control.

The hardware logic is separate for reading and writing the data register. Reading the
data register returns the value present on the input ports (if present). Writing data
affects the value driven to the output ports (if present). These ports are independent;
reading the data register does not return previously-written data.

28.2.2. Edge Capture

The PIO core can be configured to capture edges on its input ports. It can capture low-
to-high transitions, high-to-low transitions, or both. Whenever an input detects an
edge, the condition is indicated in the edgecapture register. The types of edges
detected is specified during IP generation in the Platform Designer, and cannot be
changed via the registers.

28.2.3. IRQ Generation

The PIO core can be configured to generate an IRQ on certain input conditions. The
IRQ conditions can be either:
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• Level-sensitive—The PIO core hardware can detect a high level. A NOT gate can be
inserted external to the core to provide negative sensitivity.

• Edge-sensitive—The core's edge capture configuration determines which type of
edge causes an IRQ

Interrupts are individually maskable for each input port. The interrupt mask
determines which input port can generate interrupts.

28.3. Example Configurations

Figure 99. PIO Core with Input Ports, Output Ports, and IRQ Support
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The block diagram below shows the PIO core configured in bidirectional mode, without
support for IRQs.

Figure 100. PIO Cores with Bidirectional Ports
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28.3.1. Avalon-MM Interface

The PIO core's Avalon-MM interface consists of a single Avalon-MM agent port. The
agent port is capable of fundamental Avalon-MM read and write transfers. The Avalon-
MM agent port provides an IRQ output so that the core can assert interrupts.

28.4. Configuration

The following sections describe the available configuration options.

28.4.1. Basic Settings

The Basic Settings page allows you to specify the width, direction and reset value of
the I/O ports.

28. PIO Core
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28.4.1.1. Width

The width of the I/O ports can be set to any integer value between 1 and 32.

28.4.1.2. Direction

You can set the port direction to one of the options shown below.

Table 282. Direction Settings

Setting Description

Bidirectional (tristate) ports In this mode, each PIO bit shares one device pin for driving
and capturing data. The direction of each pin is individually
selectable. To tristate an FPGA I/O pin, set the direction to
input.

Input ports only In this mode the PIO ports can capture input only.

Output ports only In this mode the PIO ports can drive output only.

Both input and output ports In this mode, the input and output ports buses are
separate, unidirectional buses of n bits wide.

28.4.1.3. Output Port Reset Value

You can specify the reset value of the output ports. The range of legal values depends
on the port width.

28.4.1.4. Output Register

The option Enable individual bit set/clear output register allows you to set or
clear individual bits of the output port. When this option is turned on, two additional
registers—outset and outclear—are implemented. You can use these registers to
specify the output bit to set and clear.

28.4.2. Input Options

The Input Options page allows you to specify edge-capture and IRQ generation
settings. The Input Options page is not available when Output ports only is
selected on the Basic Settings page.

28.4.2.1. Edge Capture Register

Turn on Synchronously capture to include the edge capture register, edgecapture,
in the core. The edge capture register allows the core to detect and generate an
optional interrupt when an edge of the specified type occurs on an input port. The
user must further specify the following features:

• Select the type of edge to detect:

— Rising Edge

— Falling Edge

— Either Edge

• Turn on Enable bit-clearing for edge capture register to clear individual bit in
the edge capture register. To clear a given bit, write 1 to the bit in the edge
capture register.
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28.4.2.2. Interrupt

Turn on Generate IRQ to assert an IRQ output when a specified event occurs on
input ports. The user must further specify the cause of an IRQ event:

• Level— The core generates an IRQ whenever a specific input is high and
interrupts are enabled for that input in the interruptmask register.

• Edge— The core generates an IRQ whenever a specific bit in the edge capture
register is high and interrupts are enabled for that bit in the interruptmask
register.

When Generate IRQ is off, the interruptmask register does not exist.

28.4.3. Simulation

The Simulation page allows you to specify the value of the input ports during
simulation. Turn on Hardwire PIO inputs in test bench to set the PIO input ports to
a certain value in the testbench, and specify the value in Drive inputs to field.

28.5. Software Programming Model

This section describes the software programming model for the PIO core, including the
register map and software constructs used to access the hardware. For Nios II and
Nios V processors users, Intel provides the HAL system library header file that defines
the PIO core registers. The PIO core does not match the generic device model
categories supported by the HAL, so it cannot be accessed via the HAL API or the
ANSI C standard library.

The Nios II Embedded Design Suite (EDS) provides several example designs that
demonstrate usage of the PIO core. In particular, the count_binary.c example uses
the PIO core to drive LEDs, and detect button presses using PIO edge-detect
interrupts.

28.5.1. Software Files

The PIO core is accompanied by one software file, altera_avalon_pio_regs.h.
This file defines the core's register map, providing symbolic constants to access the
low-level hardware.

28.5.2. Register Map

An Avalon-MM host peripheral, such as a CPU, controls and communicates with the
PIO core via the four 32-bit registers, shown below. The table assumes that the PIO
core's I/O ports are configured to a width of n bits.

Table 283. Register Map for the PIO Core

Offset Register Name R/W (n-1) ... 2 1 0

0 data read access R Data value currently on PIO inputs

write access W New value to drive on PIO outputs

1 direction (1) R/W Individual direction control for each I/O port. A value of 0
sets the direction to input; 1 sets the direction to output.

continued...   
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Offset Register Name R/W (n-1) ... 2 1 0

2 interruptmask (1) R/W IRQ enable/disable for each input port. Setting a bit to 1
enables interrupts for the corresponding port.

3 edgecapture (1) , (2) R/W Edge detection for each input port.

4 outset W Specifies which bit of the output port to set. Outset value
is not stored into a physical register in the IP core. Hence
it's value is not reserve for future use.

5 outclear W Specifies which output bit to clear. Outclear value is not
stored into a physical register in the IP core. Hence it's
value is not reserve for future use.

Note :
1. This register may not exist, depending on the hardware configuration. If a register is not present, reading the register returns

an undefined value, and writing the register has no effect.
2. If the option Enable bit-clearing for edge capture register is turned off, writing any value to the edgecapture register

clears all bits in the register. Otherwise, writing a 1 to a particular bit in the register clears only that bit.

28.5.2.1. data Register

Reading from data returns the value present at the input ports if the PIO core
hardware is configured to input, or inout mode only. If the PIO core hardware is
configured to output-only mode, reading from the data register returns the value
present at the output ports. Whereas, if the PIO core hardware is configured to
bidirectional mode, reading from data register returns value depending on the
direction register value, setting to 1 returns value present at the output ports, setting
to 0 returns undefined value.

Writing to data stores the value to a register that drives the output ports. If the PIO
core hardware is configured in input-only mode, writing to data has no effect. If the
PIO core hardware is in bidirectional mode, the registered value appears on an output
port only when the corresponding bit in the direction register is set to 1 (output).

28.5.2.2. direction Register

The direction register controls the data direction for each PIO port, assuming the
port is bidirectional. When bit n in direction is set to 1, port n drives out the value
in the corresponding bit of the data register.

The direction register only exists when the PIO core hardware is configured in
bidirectional mode. In input-only, output-only and inout mode, the direction
register does not exist. In this case, reading direction returns an undefined value,
writing direction has no effect. The mode (input, output, inout or bidirectional) is
specified at system generation time, and cannot be changed at runtime.

After reset, all direction register bits are 0, so that all bidirectional I/O ports are
configured as inputs. If those PIO ports are connected to device pins, the pins are held
in a high-impedance state. In bi-directional mode, you will need to write to the
direction register to change the direction of the PIO port (0-input, 1-output).

28.5.2.3. interruptmask Register

Setting a bit in the interruptmask register to 1 enables interrupts for the
corresponding PIO input port. Interrupt behavior depends on the hardware
configuration of the PIO core. See the Interrupt Behavior section.
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The interruptmask register only exists when the hardware is configured to generate
IRQs. If the core cannot generate IRQs, reading interruptmask returns an
undefined value, and writing to interruptmask has no effect.

After reset, all bits of interruptmask are zero, so that interrupts are disabled for all
PIO ports.

28.5.2.4. edgecapture Register

Bit n in the edgecapture register is set to 1 whenever an edge is detected on input
port n. An Avalon-MM host peripheral can read the edgecapture register to
determine if an edge has occurred on any of the PIO input ports. If the edge capture
register bit has been previously set, in_port toggling activity will not change value.

If the option Enable bit-clearing for the edge capture register is turned off, writing any
value to the edgecapture register clears all bits in the register. Otherwise, writing a
1 to a particular bit in the register clears only that bit.

The type of edge(s) to detect is specified during IP generation in Platform Designer.
The edgecapture register only exists when the hardware is configured to capture
edges. If the core is not configured to capture edges, reading from edgecapture
returns an undefined value, and writing to edgecapture has no effect.

28.5.2.5. outset and outclear Register

You can use the outset and outclear registers to set and clear individual bits of the
output port. For example, to set bit 6 of the output port, write 0x40 to the outset
register. Writing 0x08 to the outclear register clears bit 3 of the output port.

These registers are only present when the option Enable individual bit set/clear
output register is turned on. Outset and outclear registers are not physical
registers inside the IP core, hence the output port value will only be affected by the
current update outset value or current update outclear value only.

28.5.3. Interrupt Behavior

The PIO core outputs a single IRQ signal that can connect to any host peripheral in the
system. The host can read either the data register or the edgecapture register to
determine which input port caused the interrupt.

When the hardware is configured for level-sensitive interrupts, the IRQ is asserted
whenever corresponding bits in the data and interruptmask registers are 1. When
the hardware is configured for edge-sensitive interrupts, the IRQ is asserted whenever
corresponding bits in the edgecapture and interruptmask registers are 1. The
IRQ remains asserted until explicitly acknowledged by disabling the appropriate bit(s)
in interruptmask, or by writing to edgecapture.

28.5.4. Software Files

The PIO core is accompanied by the following software file. This file provide low-level
access to the hardware. Application developers should not modify the file.
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• altera_avalon_pio_regs.h—This file defines the core's register map,
providing symbolic constants to access the low-level hardware. The symbols in this
file are used by device driver functions.

28.6. PIO Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for Software Programming Model
section.

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2015 2015.12.16 Updated "edgecapture Register" section

June 2015 2015.06.12 • Updated "Register Map" section
• Updated "data Register" section
• Updated "direction Register" section
• Updated "outset and outclear Register" section

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2013 v13.1.0 Updated note (2) in Register map for PIO Core Table

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections

July 2010 v10.0.0 No change from previous release

November 2009 v9.1.0 No change from previous release

March 2009 v9.0.0 Added a section on new registers, outset and outclear

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. Added the description for Output Port
Reset Value and Simulation parameters

May 2008 v8.0.0 No change from previous release
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29. PLL Cores

29.1. Core Overview

The PLL cores, Avalon ALTPLL and PLL, provide a means of accessing the dedicated on-
chip PLL circuitry in the Intel Stratix (except Stratix V), and Cyclone series FPGAs.
Both cores are a component wrapper around the Intel FPGA ALTPLL IP core.

The PLL core is scheduled for product obsolescence and discontinued support.
Therefore, Intel recommends that you use the Avalon ALTPLL core in your designs.

The core takes an Platform Designer system clock as its input and generates PLL
output clocks locked to that reference clock.

The PLL cores support the following features:

• All PLL features provided by Intel FPGA ALTPLL IP core. The exact feature set
depends on the device family.

• Access to status and control signals via Avalon Memory-Mapped (Avalon-MM)
registers or top-level signals on the Platform Designer system module.

• Dynamic phase reconfiguration in Stratix III and Stratix IV device families.

The PLL output clocks are made available in two ways:

• As sources to system-wide clocks in your Platform Designer system.

• As output signals on your Platform Designer system module.

For details about the ALTPLL IP core, refer to the ALTPLL IP Core User Guide.
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29.2. Functional Description

Figure 101. PLL Core Block Diagram
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29.2.1. ALTPLL IP Core

The PLL cores consist of an ALTPLL IP core instantiation and an Avalon-MM agent
interface. This interface can optionally provide access to status and control registers
within the cores. The ALTPLL IP core takes an Platform Designer system clock as its
reference, and generates one or more phase-locked loop output clocks.

29.2.2. Clock Outputs

Depending on the target device family, the ALTPLL IP core can produce two types of
output clock:

• internal (c)—clock outputs that can drive logic either inside or outside the Platform
Designer system module. Internal clock outputs can also be mapped to top-level
FPGA pins. Internal clock outputs are available on all device families.

• external (e)—clock outputs that can only drive dedicated FPGA pins. They cannot
be used as on-chip clock sources. External clock outputs are not available on all
device families.

The Avalon ALTPLL core, however, does not differentiate the internal and external
clock outputs and allows the external clock outputs to be used as on-chip clock
sources.

To determine the exact number and type of output clocks available on your target
device, refer to the ALTPLL IP Core User Guide.
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29.2.3. PLL Status and Control Signals

Depending on how the ALTPLL IP core is parameterized, there can be a variable
number of status and control signals. You can choose to export certain status and
control signals to the top-level Platform Designer system module. Alternatively,
Avalon-MM registers can provide access to the signals. Any status or control signals
which are not mapped to registers are exported to the top-level module. For details,
refer to the Instantiating the Avalon ALTPLL Core.

29.2.4. System Reset Considerations

At FPGA configuration, the PLL cores reset automatically. PLL-specific reset circuitry
guarantees that the PLL locks before releasing reset for the overall Platform Designer
system module.

Resetting the PLL resets the entire Platform Designer system module.

29.3. Instantiating the Avalon ALTPLL Core

When you instantiate the Avalon ALTPLL core, the MegaWizard Plug-In Manager is
automatically launched for you to parameterize the ALTPLL IP core. There are no
additional parameters that you can configure in Platform Designer.

The pfdena signal of the ALTPLL IP core is not exported to the top level of the
Platform Designer module. You can drive this port by writing to the PFDENA bit in the
control register.

The locked, pllena/extclkena, and areset signals of the IP core are always
exported to the top level of the Platform Designer module. You can read the locked
signal and reset the core by manipulating respective bits in the registers. See the
Register Definitions and Bit List section for more information on the registers.

For details about using the ALTPLL MegaWizard Plug-In Manager, refer to the ALTPLL
IP Core User Guide.

29.4. Instantiating the PLL Core

This section describes the options available in the MegaWizard™ interface for the PLL
core in Platform Designer.

PLL Settings Page

The PLL Settings page contains a button that launches the ALTPLL MegaWizard Plug-
In Manager. Use the MegaWizard Plug-In Manager to parameterize the ALTPLL IP core.
The set of available parameters depends on the target device family.

You cannot click Finish in the PLL wizard nor configure the PLL interface until you
parameterize the ALTPLL IP core.

Interface Page

The Interface page configures the access modes for the optional advanced PLL status
and control signals.
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For each advanced signal present on the ALTPLL IP core, you can select one of the
following access modes:

• Export—Exports the signal to the top level of the Platform Designer system
module.

• Register—Maps the signal to a bit in a status or control register.

The advanced signals are optional. If you choose not to create any of them in the
ALTPLL MegaWizard Plug-In, the PLL's default behavior is as shown in below.

You can specify the access mode for the advanced signals shown in below. The
ALTPLL core signals, not displayed in this table, are automatically exported to the
top level of the Platform Designer system module.

Table 284. ALTPLL Advanced Signal

ALTPLL
Name

Input /
Output

Avalon-MM PLL Wizard
Name

Default Behavior Description

areset input PLL Reset Input The PLL is reset only at
device configuration.

This signal resets the entire Platform
Designer system module, and restores the
PLL to its initial settings.

pllena input PLL Enable Input The PLL is enabled. This signal enables the PLL.
pllena is always exported.

pfdena input PFD Enable Input The phase-frequency
detector is enabled.

This signal enables the phase-frequency
detector in the PLL, allowing it to lock on to
changes in the clock reference.

locked output PLL Locked Output — This signal is asserted when the PLL is
locked to the input clock.

Asserting areset resets the entire Platform Designer system module, not just the
PLL.

Finish

Click Finish to insert the PLL into the Platform Designer system. The PLL clock
output(s) appear in the clock settings table on the Platform Designer System
Contents tab.

If the PLL has external output clocks, they appear in the clock settings table like other
clocks; however, you cannot use them to drive components within the Platform
Designer system.

For details about using external output clocks, refer to the ALTPLL IP Core User Guide.

The Platform Designer automatically connects the PLL's reference clock input to the
first available clock in the clock settings table.

If there is more than one Platform Designer system clock available, verify that the PLL
is connected to the appropriate reference clock.

29.5. Hardware Simulation Considerations

The HDL files generated by Platform Designer for the PLL cores are suitable for both
synthesis and simulation. The PLL cores support the standard Platform Designer
simulation flow, so there are no special considerations for hardware simulation.
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29.6. Register Definitions and Bit List

Device drivers can control and communicate with the cores through two memory-
mapped registers, status and control. The width of these registers are 32 bits in
the Avalon ALTPLL core but only 16 bits in the PLL core.

In the PLL core, the status and control bits shown in the PLL Cores Register map
below are present only if they have been created in the ALTPLL MegaWizard Plug-In
Manager, and set to Register on the Interface page in the PLL wizard. These
registers are always created in the Avalon ALTPLL core.

Table 285. PLL Cores Register Map

Offset Register
Name

R/W Bit Description

31/15
(2)

30 29 ... 9 8 7 6 5 4 3 2 1 0

0 status R/O (1) phasedone locked

1 control R/W (1) pfdena areset

2 phase
reconfig
control

R/W phase (1) counter_number

3 — — Undefined

Note :
1. Reserved. Read values are undefined. When writing, set reserved bits to zero.
2. The registers are 32-bit wide in the Avalon ALTPLL core and 16-bit wide in the PLL core.

29.6.1. Status Register

Embedded software can access the PLL status via the status register. Writing to
status has no effect.

Table 286. Status Register Bits

Bit Number Bit Name Value after reset Description

0 locked

(2)
1 Connects to the locked signal on the ALTPLL IP core. The locked

bit is high when valid clocks are present on the output of the PLL.

1 phasedone

(2)
0 Connects to the phasedone signal on the ALTPLL IP core. The

phasedone output of the ALTPLL is synchronized to the system
clock.

2:15/31 (1) — — Reserved. Read values are undefined.

Note :
1. The status register is 32-bit wide in the Avalon ALTPLL core and 16-bit wide in the PLL core.
2. Both the locked and phasedone outputs from the Avalon ALTPLL component are available as conduits and reflect the

non-synchronized outputs from the ALTPLL.

29.6.2. Control Register

Embedded software can control the PLL via the control register. Software can also
read back the status of control bits.
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Table 287. Control Register Bits

Bit Number Bit Name Value after reset Description

0 areset 0 Connects to the areset signal on the ALTPLL IP core. Writing a 1
to this bit initiates a PLL reset.

1 pfdena 1 Connects to the pfdena signal on the ALTPLL IP core. Writing a 0
to this bit disables the phase frequency detection.

2:15/31 (1) — — Reserved. Read values are undefined. When writing, set reserved
bits to zero.

Note :
1. The controlregister is 32-bit wide in the Avalon ALTPLL core and 16-bit wide in the PLL core.

29.6.3. Phase Reconfig Control Register

Embedded software can control the dynamic phase reconfiguration via the phase
reconfig control register.

Table 288. Phase Reconfig Control Register Bits

Bit Number Bit Name Value after
reset

Description

0:8 counter_number — A binary 9-bit representation of the counter that needs to be
reconfigured. Refer to the Counter_Number Bits and Selection
table for the counter selection.

9:29 — — Reserved. Read values are undefined. When writing, set reserved
bits to zero.

30:31 phase (1) — 01: Step up phase of counter_number
10: Step down phase of counter_number
00 and 11: No operation

Note :
1. Phase step up or down when set to 1 (only applicable to the Avalon ALTPLL core).

The table below lists the counter number and selection. For example, 100 000 000
selects counter C0 and 100 000 001 selects counter C1.

Table 289. Counter_Number Bits and Selection

Counter_Number [0:8] Counter Selection

0 0000 0000 All output counters

0 0000 0001 M counter

> 0 0000 0001 Undefined

1 0000 0000 C0

1 0000 0001 C1

1 0000 0010 C2

... ...

1 0000 1000 C8

1 0000 1001 C9

> 1 0000 1001 Undefined
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29.7. PLL Cores Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Revised descriptions of register fields and bits.

March 2009 v9.0.0 Added information on the new Avalon ALTPLL core.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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30. DMA Controller Core

30.1. Core Overview

The direct memory access (DMA) controller core with Avalon interface performs bulk
data transfers, reading data from a source address range and writing the data to a
different address range. An Avalon Memory-Mapped (Avalon-MM) host peripheral, such
as a CPU, can offload memory transfer tasks to the DMA controller. While the DMA
controller performs memory transfers, the host is free to perform other tasks in
parallel.

The DMA controller transfers data as efficiently as possible, reading and writing data
at the maximum pace allowed by the source or destination. The DMA controller is
capable of performing Avalon transfers with flow control, enabling it to automatically
transfer data to or from a slow peripheral with flow control (for example, UART), at
the maximum pace allowed by the peripheral.

Instantiating the DMA controller in Platform Designer creates one agent port and two
host ports. You must specify which agent peripherals can be accessed by the read and
write host ports. Likewise, you must specify which other host peripheral(s) can access
the DMA control port and initiate DMA transactions. The DMA controller does not
export any signals to the top level of the system module.

Note: While instantiating the DMA controller in the hierarchical subsystem, add an Avalon-
MM pipeline bridge in front of the exported host interface of the DMA controller in the
subsystem. This will allow you to configure the bus width of the pipeline bridge to
match the agent address bus.

For the Nios II and Nios V processors, device drivers are provided in the HAL system
library. See the Software Programming Model section for details of HAL support.

30.2. Functional Description

You can use the DMA controller to perform data transfers from a source address-space
to a destination address-space. The controller has no concept of endianness and does
not interpret the payload data. The concept of endianness only applies to a host that
interprets payload data.

The source and destination may be either an Avalon-MM agent peripheral (for
example, a constant address) or an address range in memory. The DMA controller can
be used in conjunction with peripherals with flow control, which allows data
transactions of fixed or variable length. The DMA controller can signal an interrupt
request (IRQ) when a DMA transaction completes. A transaction is a sequence of one
or more Avalon transfers initiated by the DMA controller core.
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The DMA controller has two Avalon-MM host ports—a host read port and a host write
port—and one Avalon-MM agent port for controlling the DMA as shown in the figure
below.

Figure 102. DMA Controller Block Diagram
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A typical DMA transaction proceeds as follows:

1. A CPU prepares the DMA controller for a transaction by writing to the control port.

2. The CPU enables the DMA controller. The DMA controller then begins transferring
data without additional intervention from the CPU. The DMA’s host read port reads
data from the read address, which may be a memory or a peripheral. The host
write port writes the data to the destination address, which can also be a memory
or peripheral. A shallow FIFO buffers data between the read and write ports.

3. The DMA transaction ends when a specified number of bytes are transferred (a
fixed-length transaction) or an end-of-packet signal is asserted by either the
sender or receiver (a variable-length transaction). At the end of the transaction,
the DMA controller generates an interrupt request (IRQ) if it was configured by the
CPU to do so.

4. During or after the transaction, the CPU can determine if a transaction is in
progress, or if the transaction ended (and how) by examining the DMA controller’s
status register.

30.2.1. Setting Up DMA Transactions

An Avalon-MM host peripheral sets up and initiates DMA transactions by writing to
registers via the control port. The Avalon-MM host programs the DMA engine using
byte addresses which are byte aligned. The host peripheral configures the following
options:

• Read (source) address location

• Write (destination) address location

• Size of the individual transfers: Byte (8-bit), halfword (16-bit), word (32-bit),
doubleword (64-bit) or quadword (128-bit)
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• Enable interrupt upon end of transaction

• Enable source or destination to end the DMA transaction with end-of-packet signal

• Specify whether source and destination are memory or peripheral

The host peripheral then sets a bit in the control register to initiate the DMA
transaction.

30.2.2. The Host Read and Write Ports

The DMA controller reads data from the source address through the host read port,
and then writes to the destination address through the host write port. You program
the DMA controller using byte addresses. Read and write start addresses should be
aligned to the transfer size. For example, to transfer data words, if the start address is
0, the address will increment to 4, 8, and 12. For heterogeneous systems where a
number of different agent devices are of different widths, the data width for read and
write hosts matches the width of the widest data-width agent addressed by either the
read or the write host. For bursting transfers, the burst length is set to the DMA
transaction length with the appropriate unit conversion. For example, if a 32-bit data
width DMA is programmed for a word transfer of 64 bytes, the length registered is
programmed with 64 and the burst count port will be 16. If a 64-bit data width DMA is
programmed for a doubleword transfer of 8 bytes, the length register is programmed
with 8 and the burst count port will be 1.

There is a shallow FIFO buffer between the host read and write ports. The default
depth is 2, which makes the write action depend on the data-available status of the
FIFO, rather than on the status of the host read port.

Both the read and write host ports can perform Avalon transfers with flow control,
which allows the agent peripheral to control the flow of data and terminate the DMA
transaction.

For details about flow control in Avalon-MM data transfers and Avalon-MM peripherals,
refer to Avalon Interface Specifications.

30.2.3. Addressing and Address Incrementing

When accessing memory, the read (or write) address increments by 1, 2, 4, 8, or 16
after each access, depending on the width of the data. On the other hand, a typical
peripheral device (such as UART) has fixed register locations. In this case, the read/
write address is held constant throughout the DMA transaction.

30. DMA Controller Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

350

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 351 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



The rules for address incrementing are, in order of priority:

• If the control register’s RCON (or WCON) bit is set, the read (or write) increment
value is 0.

• Otherwise, the read and write increment values are set according to the transfer
size specified in the control register, as shown below.

Table 290. Address Increment Values

Transfer Width Increment

byte 1

halfword 2

word 4

doubleword 8

quadword 16

In systems with heterogeneous data widths, care must be taken to present the
correct address or offset when configuring the DMA to access native-aligned
agents. For example, in a system using a 32-bit Nios II processor and a 16-bit
DMA, the base address for the UART txdata register must be divided by the
dma_data_width/cpu_data_width—2 in this example.

30.3. Parameters

This section describes the parameters you can configure.

30.3.1. DMA Parameters (Basic)

The DMA Parameters page includes the following parameters.

Transfer Size

The parameter Width of the DMA Length Register specifies the minimum width of
the DMA’s transaction length register, which can be between 1 and 32. The length
register determines the maximum number of transfers possible in a single DMA
transaction.

By default, the length register is wide enough to span any of the agent peripherals
hosted by the read or write ports. Overriding the length register may be necessary if
the DMA host port (read or write) hosts only data peripherals, such as a UART. In this
case, the address span of each agent is small, but a larger number of transfers may
be desired per DMA transaction. A smaller transfer width usually results in a faster
FPGA frequency for the DMA Controller Core.

Burst Transactions

When Enable Burst Transfers is turned on, the DMA controller performs burst
transactions on its host read and write ports. The parameter Maximum Burst Size
determines the maximum burst size allowed in a transaction.

In burst mode, the length of a transaction must not be longer than the configured
maximum burst size. Otherwise, the transaction must be performed as multiple
transactions.
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FIFO Depth

The parameter Data Transfer FIFO Depth specifies the depth of the FIFO buffer
used for data transfers. Intel recommends that you set the depth of the FIFO buffer to
at least twice the maximum read latency of the agent interface connected to the read
host port. A depth that is too low reduces transfer throughput.

FIFO Implementation

This option determines the implementation of the FIFO buffer between the host read
and write ports. Select Construct FIFO from Registers to implement the FIFO using
one register per storage bit. This option has a strong impact on logic utilization when
the DMA controller’s data width is large. See the Advanced Options section.

By default, the FIFO implementation uses the embedded memory blocks.

30.3.2. Advanced Options

The Advanced Options page includes the following parameters.

Allowed Transactions

You can choose the transfer datawidth(s) supported by the DMA controller hardware.
The following datawidth options can be enabled or disabled:

• Byte

• Halfword (two bytes)

• Word (four bytes)

• Doubleword (eight bytes)

• Quadword (sixteen bytes)

Disabling unnecessary transfer widths reduces the number of on-chip logic
resources consumed by the DMA controller core. For example, if a system has
both 16-bit and 32-bit memories, but the DMA controller transfers data to the 16-
bit memory, 32-bit transfers could be disabled to conserve logic resources.

30.4. Software Programming Model

This section describes the programming model for the DMA controller, including the
register map and software declarations to access the hardware. For Nios II and Nios V
processors users, Intel provides HAL system library drivers that enable you to access
the DMA controller core using the HAL API for DMA devices.

30.4.1. HAL System Library Support

The Intel-provided driver implements a HAL DMA device driver that integrates into the
HAL system library for Nios II and Nios V processors systems. HAL users should access
the DMA controller via the familiar HAL API, rather than accessing the registers
directly.

If your program uses the HAL device driver to access the DMA controller, accessing the
device registers directly interferes with the correct behavior of the driver.
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The HAL DMA driver provides both ends of the DMA process; the driver registers itself
as both a receive channel (alt_dma_rxchan) and a transmit channel
(alt_dma_txchan). The Nios II Software Developer’s Handbook provides complete
details of the HAL system library and the usage of DMA devices.

ioctl() Operations

ioctl() operation requests are defined for both the receive and transmit channels,
which allows you to control the hardware-dependent aspects of the DMA controller.
Two ioctl() functions are defined for the receiver driver and the transmitter driver:
alt_dma_rxchan_ioctl() and alt_dma_txchan_ioctl(). The table below lists
the available operations. These are valid for both the transmit and receive channels.

Table 291. Operations for alt_dma_rxchan_ioctl() and alt_dma_txchan_ioctl()

Request Meaning

ALT_DMA_SET_MODE_8 Transfers data in units of 8 bits. The parameter arg is ignored.

ALT_DMA_SET_MODE_16 Transfers data in units of 16 bits. The parameter arg is ignored.

ALT_DMA_SET_MODE_32 Transfers data in units of 32 bits. The parameter arg is ignored.

ALT_DMA_SET_MODE_64 Transfers data in units of 64 bits. The parameter arg is ignored.

ALT_DMA_SET_MODE_128 Transfers data in units of 128 bits. The parameter arg is ignored.

ALT_DMA_RX_ONLY_ON (1) Sets a DMA receiver into streaming mode. In this case, data is read continuously from
a single location. The parameter arg specifies the address to read from.

ALT_DMA_RX_ONLY_OFF (1) Turns off streaming mode for a receive channel. The parameter arg is ignored.

ALT_DMA_TX_ONLY_ON (1) Sets a DMA transmitter into streaming mode. In this case, data is written continuously
to a single location. The parameter arg specifies the address to write to.

ALT_DMA_TX_ONLY_OFF (1) Turns off streaming mode for a transmit channel. The parameter arg is ignored.

Notes :
1. These macro names changed in version 1.1 of the Nios II Embedded Design Suite (EDS). The old names

(ALT_DMA_TX_STREAM_ON, ALT_DMA_TX_STREAM_OFF, ALT_DMA_RX_STREAM_ON, and ALT_DMA_RX_STREAM_OFF)
are still valid, but new designs should use the new names.

Limitations

Currently the Intel-provided drivers do not support 64-bit and 128-bit DMA
transactions.

This function is not thread safe. If you want to access the DMA controller from more
than one thread then you should use a semaphore or mutex to ensure that only one
thread is executing within this function at any time.

30.4.2. Software Files

The DMA controller is accompanied by the following software files. These files define
the low-level interface to the hardware. Application developers should not modify
these files.
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• altera_avalon_dma_regs.h—This file defines the core’s register map,
providing symbolic constants to access the low-level hardware. The symbols in this
file are used only by device driver functions.

• altera_avalon_dma.h, altera_avalon_dma.c—These files implement the
DMA controller’s device driver for the HAL system library.

30.4.3. Register Map

Programmers using the HAL API never access the DMA controller hardware directly via
its registers. In general, the register map is only useful to programmers writing a
device driver.

The Intel-provided HAL device driver accesses the device registers directly. If you are
writing a device driver, and the HAL driver is active for the same device, your driver
will conflict and fail to operate.

Device drivers control and communicate with the hardware through five memory-
mapped 32-bit registers.

Table 292. DMA Controller Register Map

Offs
et

Regi
ster
Nam

e

Read
/

Writ
e

31 13 12 11 10 9 8 7 6 5 4 3 2 1 0

0 sta
tus 
(1)

RW (2)  LEN WEO
P

REO
P

BUS
Y

DON
E

1 rea
dad
dre
ss

RW Read host start address

2 wri
tea
ddr
ess

RW Write host start address

3 len
gth

RW DMA transaction length (in bytes)

4 — — Reserved (3)

5 — — Reserved (3)

6 con
tro
l

RW   (2) SOF
TWA
RER
ESE
T

QUA
DWO
RD

DOU
BLE
WOR
D

WCO
N

RCO
N

LEE
N

WEE
N

REE
N

I_E
N

GO WOR
D

HW BYT
E

7 — — Reserved (3)

Notes :
1. Writing zero to the status register clears the LEN, WEOP, REOP, and DONE bits.
2. These bits are reserved. Read values are undefined. Write zero.
3. This register is reserved. Read values are undefined. The result of a write is undefined.
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status Register

The status register consists of individual bits that indicate conditions inside the DMA
controller. The status register can be read at any time. Reading the status register
does not change its value.

Table 293. status Register Bits

Bit Number Bit Name Read/Write/Clear Description

0 DONE R/C A DMA transaction is complete. The DONE bit is set to 1 when an end of
packet condition is detected or the specified transaction length is
completed. Write zero to the status register to clear the DONE bit.

1 BUSY R The BUSY bit is 1 when a DMA transaction is in progress.

2 REOP R The REOP bit is 1 when a transaction is completed due to an end-of-packet
event on the read side.

3 WEOP R The WEOP bit is 1 when a transaction is completed due to an end of packet
event on the write side.

4 LEN R The LEN bit is set to 1 when the length register decrements to zero.

readaddress Register

The readaddress register specifies the first location to be read in a DMA transaction.
The readaddress register width is determined at system generation time. It is wide
enough to address the full range of all agent ports hosted by the read port.

writeaddress Register

The writeaddress register specifies the first location to be written in a DMA
transaction. The writeaddress register width is determined at system generation
time. It is wide enough to address the full range of all agent ports hosted by the write
port.

length Register

The length register specifies the number of bytes to be transferred from the read
port to the write port. The length register is specified in bytes. For example, the
value must be a multiple of 4 for word transfers, and a multiple of 2 for halfword
transfers.

The length register is decremented as each data value is written by the write host
port. When length reaches 0 the LEN bit is set. The length register does not
decrement below 0.

The length register width is determined at system generation time. It is at least wide
enough to span any of the agent ports hosted by the read or write host ports, and it
can be made wider if necessary.

control Register

The control register is composed of individual bits that control the DMA’s internal
operation. The control register’s value can be read at any time. The control register
bits determine which, if any, conditions of the DMA transaction result in the end of a
transaction and an interrupt request.
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Table 294. Control Register Bits

Bit
Number

Bit Name Read/
Write/
Clear

Description

0 BYTE RW Specifies byte transfers.

1 HW RW Specifies halfword (16-bit) transfers.

2 WORD RW Specifies word (32-bit) transfers.

3 GO RW Enables DMA transaction. When the GO bit is set to 0 during idle stage
(before execution starts), the DMA is prevented from executing
transfers. When the GO bit is set to 1 during idle stage and the length
register is non-zero, transfers occur.
If go bit is de-asserted low before write transaction complete, done bit
will never go high. It is advisable that GO bit is modified during idle
stage (no execution happened) only.

4 I_EN RW Enables interrupt requests (IRQ). When the I_EN bit is 1, the DMA
controller generates an IRQ when the status register’s DONE bit is set to
1. IRQs are disabled when the I_EN bit is 0.

5 REEN RW Ends transaction on read-side end-of-packet. When the REEN bit is set
to 1, a agent port with flow control on the read side may end the DMA
transaction by asserting its end-of-packet signal. REEN bit should be set
to 0.

6 WEEN RW Ends transaction on write-side end-of-packet. WEEN bit should be set
to 0.

7 LEEN RW Ends transaction when the length register reaches zero. When this bit
is 0, length reaching 0 does not cause a transaction to end. In this
case, the DMA transaction must be terminated by an end-of-packet
signal from either the read or write host port. LEEN bit should be set
to 1.

8 RCON RW Reads from a constant address. When RCON is 0, the read address
increments after every data transfer. This is the mechanism for the DMA
controller to read a range of memory addresses. When RCON is 1, the
read address does not increment. This is the mechanism for the DMA
controller to read from a peripheral at a constant memory address. For
details, see the Addressing and Address Incrementing section.

9 WCON RW Writes to a constant address. Similar to the RCON bit, when WCON is 0
the write address increments after every data transfer; when WCON is 1
the write address does not increment. For details, see Addressing and
Address Incrementing.

10 DOUBLEWORD RW Specifies doubleword transfers.

11 QUADWORD RW Specifies quadword transfers.

12 SOFTWARERESET RW Software can reset the DMA engine by writing this bit to 1 twice. Upon
the second write of 1 to the SOFTWARERESET bit, the DMA control is
reset identically to a system reset. The logic which sequences the
software reset process then resets itself automatically.

The data width of DMA transactions is specified by the BYTE, HW, WORD, DOUBLEWORD,
and QUADWORD bits. Only one of these bits can be set at a time. If more than one of
the bits is set, the DMA controller behavior is undefined. The width of the transfer is
determined by the narrower of the two agents read and written. For example, a DMA
transaction that reads from a 16-bit flash memory and writes to a 32-bit on-chip
memory requires a halfword transfer. In this case, HW must be set to 1, and BYTE,
WORD, DOUBLEWORD, and QUADWORD must be set to 0.
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To successfully perform transactions of a specific width, that width must be enabled in
hardware using the Allowed Transaction hardware option. For example, the DMA
controller behavior is undefined if quadword transfers are disabled in hardware, but
the QUADWORD bit is set during a DMA transaction.

Executing a DMA software reset when a DMA transfer is active may result in
permanent bus lockup (until the next system reset). The SOFTWARERESET bit should
therefore not be written except as a last resort.

30.4.4. Interrupt Behavior

The DMA controller has a single IRQ output that is asserted when the status
register’s DONE bit equals 1 and the control register’s I_EN bit equals 1.

Writing the status register clears the DONE bit and acknowledges the IRQ. A host
peripheral can read the status register and determine how the DMA transaction
finished by checking the LEN, REOP, and WEOP bits.

30.5. DMA Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
• Core Overview
• Software Programming Model
• HAL System Library Support

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

November 2017 2017.11.06 Clarified the values for REEN and WEEN bits in the Table: Control Register
Bits.

December 2015 2015.12.12 Updated LEEN and WEEN in Control Register table.

June 2015 2015.06.12 Updated the GO bit description in the "Control Register Bits" table

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 Added a new parameter, FIFO Depth.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Updated the Functional Description of the core.
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31. Modular Scatter-Gather DMA Core

31.1. Core Overview

In a processor subsystem, data transfers between two memory spaces can happen
frequently. In order to offload the processor from moving data around a system, a
Direct Memory Access (DMA) engine is introduced to perform this function instead.
The Modular Scatter-Gather DMA (mSGDMA) is capable of performing data movement
operations with preloaded instructions, called descriptors. Multiple descriptors with
different transfer sizes, and source and destination addresses have the option to
trigger interrupts.

The mSGDMA core has a modular design that facilitates easy integration with the
FPGA fabric. The core consists of a dispatcher block with optional read host and write
host blocks. The descriptor block receives and decodes the descriptor, and dispatches
instructions to the read host and write host blocks for further operation. The block is
also configured to transfer additional information to the host. In this context, the read
host block reads data through its Avalon-MM host interface, and channels it into the
Avalon-ST source interface, based on instruction given by the dispatcher block.
Conversely, the write host block receives data from its Avalon-ST sink interface and
writes it to the destination address via its Avalon-MM host interface.

31.2. Feature Description

The mSGDMA provides three configuration structures for handling data transfers
between the Avalon-MM to Avalon-MM, Avalon-MM to Avalon-ST, and Avalon-ST to
Avalon-MM modes. The sub-core of the mSGDMA is instantiated automatically
according to the structure configured for the mSGDMA use model.
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Figure 103. mSGDMA Module Configuration with support for Memory-Mapped Reads and
Writes
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Figure 104. mSGDMA Module Configuration with Support for Memory-Mapped Streaming
Reads to the Avalon-ST data bus
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Figure 105. mSGDMA Module Configuration with Support for Avalon-ST Data Write
Streaming to the Memory-Mapped Bus
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The mSGDMA support 32-bit addressing by default. However, the core can support 64-
bit addressing when you select Extended Feature Options in the parameter editor.
It also supports extended features such as dynamic burst count programming, stride
addressing, extended descriptor format (64-bit addressing), and unique sequence
number identification for executed descriptor.

31.3. mSGDMA Interfaces and Parameters

31.3.1. Interface

The mSGDMA consists of the following:

• One Avalon-MM CSR agent port.

• One configurable Avalon-MM Agent or Avalon-ST Source Response port.

• Source and destination data path ports, which can be Avalon-MM or Avalon-ST.

The mSGDMA also provides an active-high-level interrupt output.

Only one clock domain can drive the mSGDMA. The requirement of different clock
domains between source and destination data paths are handled by the Platform
Designer fabric.

A hardware reset resets the whole system. Software reset resets the registers and
FIFOs of the dispatchers of the dispatcher and host modules. For a software reset,
read the resetting bit of the status register to determine when a full reset cycle
completes.
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31.3.1.1. Descriptor Agent Port

The descriptor agent port is write only and configurable to either 128 or 256 bits wide.
The width is dependent on the descriptor format you choose for your system. When
writing descriptors to this port, you must set the last bit high so the descriptor can be
completely written to the dispatcher module. You can access the byte lanes of this
port in any order, as long as the last bit is written to during the last write access.

31.3.1.2. Control and Status Register Agent Port

The control and status register (CSR) port is read/write accessible and is 32-bits wide.
When the dispatcher response port is disabled or set to memory-mapped mode then
the CSR port is responsible for sending interrupts to the host.

31.3.1.3. Response Port

The response port can be set to disabled, memory-mapped, or streaming. In memory-
mapped mode the response information is communicated to the host via an Avalon-
MM agent port. The response information is wider than the agent port, so the host
must perform two read operations to retrieve all the information.

Note: Reading from the last byte of the response agent port performs a destructive read of
the response buffer in the dispatcher module. As a result, always make sure that your
software reads from the last response address last.

When you configure the response port to an Avalon Streaming source interface,
connect it to a module capable of pre-fetching descriptors from memory. The following
table shows the ST data bits and their description.

Table 295. Response Source Port Bit Fields

ST Data Bits Description

31 - 0 Actual bytes transferred [31:0]

39 - 32 Error [7:0]

40 Early termination

41 Transfer complete IRQ mask

49 - 42 Error IRQ mask(26)

50 Early termination IRQ mask(26)

51 Descriptor buffer full(27)

255 - 52 Reserved

(26) Interrupt masks are buffered so that the descriptor pre-fetching block can assert the IRQ
signal.

(27) Combinational signal to inform the descriptor pre-fetching block that space is available for
another descriptor to be committed to the dispatcher descriptor FIFO(s).
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31.3.1.4. Parameters

Table 296. Component Parameters

Parameter Name Description Allowable Range

DMA Mode Transfer mode of mSGDMA. This parameter
determines sub-cores instantiation to construct
the mSGDMA structure.

Memory-Mapped to Memory-Mapped,
Memory-Mapped to Streaming,
Streaming to Memory-Mapped

Data Width Data path width. This parameter affects both
read host and write host data widths.

8, 16, 32, 64, 128, 256, 512, 1024

Use pre-determined host
address width

Use pre-determined host address width instead
of automatically-determined host address
width.

Enable, Disable

Pre-determined host address
width

Minimum host address width that is required to
address memory agent.

32

Expose mSGDMA read and
write host's streaming ports

When enabled, mSGDMA read host's data
source port and mSGDMA write host's data sink
port will be exposed for connection outside
mSGDMA core.

Enable, Disable

Data Path FIFO Depth Depth of internal data path FIFO. 16, 32, 64, 128, 256, 512, 1024,
2048, 4096

Descriptor FIFO Depth FIFO size to store descriptor count. 8, 16, 32, 64, 128, 256, 512, 1024

Response Port Option to enable response port and its port
interface type

Memory-Mapped, Streaming, Disabled

Maximum Transfer Length Maximum transfer length. With shorter length
width being configured, the faster frequency of
mSGDMA can operate in FPGA.

1KB, 2KB, 4KB, 8KB, 16KB, 32KB,
64KB, 128KB,256KB, 512KB, 1MB,
2MB, 4MB, 8MB, 16MB, 32MB, 64MB,
128MB, 256MB, 512MB, 1GB, 2GB

Transfer Type Supported transaction type Full Word Accesses Only, Aligned
Accesses, Unaligned Accesses

Burst Enable Enable burst transfer Enable, Disable

No Byteenables During Writes When enabled, it forces all byte enables to
high.
This option is only applicable when transfer
type is set to Aligned Accesses and DMA
mode is set to either Memory-mapped to
Memory-Mapped or Streaming to Memory-
Mapped.
When enabled, software need to handle
scenario where transfer length is not multiple of
data width at the end of transfer.

Enable, Disable

Maximum Burst Count Maximum burst count 2, 4, 8, 16, 32, 64, 128, 256, 512,
1024

Force Burst Alignment Enable Disable force burst alignment. Force burst
alignment forces the hosts to post bursts of
length 1 until the address is aligned to a burst
boundary.

Enable, Disable

Enable Write Response When enabled, it turns on the write response
features of the write host. After completion of
the DMA transfer, the host is only notified when
all the outstanding writes have been
responded.

Enable, Disable

continued...   
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Parameter Name Description Allowable Range

Enable Extended Feature
Support

Enable extended features. In order to use
stride addressing, programmable burst lengths,
64-bit addressing, or descriptor tagging the
enhanced features support must be enabled.

Enable, Disable

Stride Addressing Enable Enable stride addressing. Stride addressing
allows the DMA to read or write data that is
interleaved in memory. Stride addressing
cannot be enabled if the burst transfer option is
enabled.

Enable, Disable

Maximum Stride Words Maximum stride amount (in words) 1 – 2G

Programmable Burst Enable Enable dynamic burst programming Enable, Disable

Packet Support Enable Enable packetized transfer
Note: When PACKET_ENABLE parameter is

disabled and TRANSFER_TYPE is not
"Full Word Accesses Only", any
unaligned transfer length will cause
additional bytes to be written during the
last transfer beat of the Avalon
streaming data source port of the read
host core. Only with this parameter set
TRUE, actual bytes transferred is
meaningful for the transaction.
PACKET_ENABLE only apply for ST-to-
MM and MM-to-ST DMA operation mode.

Enable, Disable

Error Enable Enable error field of ST interface Enable, Disable

Error Width Error field width 1, 2, 3, 4, 5, 6, 7, 8

Channel Enable Enable channel field of ST interface Enable, Disable

Channel Width Channel field width 1, 2, 3, 4, 5, 6, 7, 8

Enable Pre-Fetching module Enables prefetcher modules, a hardware core
which fetches descriptors from memory.

Enable, Disable

Enable bursting on descriptor
read host

Enable read burst will turn on the bursting
capabilities of the prefetcher's read descriptor
interface.

Enable, Disable

Data Width of Descriptor read/
write host data path

Width of the Avalon-MM descriptor read/write
data path.

32, 64, 128, 256

Maximum Burst Count on
descriptor read host

Maximum burst count. Enable, Disable
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31.3.2. mSGDMA Parameter Editor

Figure 106. Modular Scatter-Gather DMA Parameter Editor

31.4. mSGDMA Descriptors

The descriptor agent port is 128-bits for standard descriptors and 256-bits for
extended descriptors. The tables below show acceptable standard and extended
descriptor formats.
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Table 297. Standard Descriptor Format

Byte Lanes

Offset Access 3 2 1 0

0x0 Write Read Address[31:0]

0x4 Write Write Address[31:0]

0x8 Write Length[31:0]

0xC Write Control[31:0]

Table 298. Extended Descriptor Format

Byte Lanes

Offset Access 3 2 1 0

0x0 Write Read Address[31:0]

0x4 Write Write Address[31:0]

0x8 Write Length[31:0]

0xC Write Write Burst
Count[7:0]

Read Burst Count
[7:0]

Sequence Number[15:0]

0x10 Write Write Stride[15:0] Read Stride[15:0]

0x14 Write Read Address[63:32]

0x18 Write Write Address[63:32]

0x1C Write Control[31:0]

All descriptor fields are aligned on byte boundaries and span multiple bytes when
necessary. You can access each byte lane of the descriptor agent port independently of
the others, allowing you to populate the descriptor using any access size.

Note: The location of the control field is dependent on the descriptor format you used. The
last bit of the control field commits the descriptor to the dispatcher buffer when it is
asserted. As a result, the control field is located at the end of a descriptor. This allows
you to write the descriptor sequentially to the dispatcher block.

31.4.1. Read and Write Address Fields

The read and write address fields correspond to the source and destination address for
each buffer transfer. Depending on the transfer type, you do not need to provide the
read or write address. When performing memory-mapped to streaming transfers, the
write address must not be written as there is no destination address. There is no
destination address since the data is being transfered to a streaming port. Likewise,
when performing streaming to memory-mapped transfers, the read address must not
be written as the data source is a streaming port.

If a read or write address descriptor is written in a configuration that does not require
it, the mSGDMA ignores the unnecessary address. If a standard descriptor is used and
an attempt to write a 64-bit address is made, the upper 32 bits are lost and can cause
the hardware to alias a lower address space. 64-bit addressing requires the use of the
extended descriptor format.
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31.4.2. Length Field

The length field is used to specify the number of bytes to transfer per descriptor. The
length field is also used for streaming to memory-mapped packet transfers. This limits
the number of bytes that can be transferred before the end-of-packet (EOP) arrives.
As a result, you must always program the length field. If you do not wish to limit
packet based transfers in the case of Avalon-ST to Avalon-MM transfers, program the
length field with the largest possible value of 0xFFFFFFFF. This method allows you to
specify a maximum packet size for each descriptor that has packet support enabled.

31.4.3. Sequence Number Field

The sequence number field is available only when using extended descriptors.The
sequence number is an arbitrary value that you assign to a descriptor, so that you can
determine which descriptor is being operated on by the read and write hosts. When
performing memory-mapped to memory-mapped transfers, this value is tracked
independently for hosts since each can be operating on a different descriptor. To use
this functionality, program the descriptors with unique sequence numbers. Then,
access the dispatcher CSR agent port to determine which descriptor is operated on.

31.4.4. Read and Write Burst Count Fields

The programmable read and write burst counts are only available when using the
extended descriptor format. The programmable burst count is optional and can be
disabled in the read and write hosts. Because the programmable burst count is an
eight bit field for each host, the maximum that you can program burst counts of 1 to
128. Programming a value of zero or anything larger than 128 bits will be converted to
the maximum burst count specified for each host automatically.

The maximum programmable burst count is 128 but when you instantiate the
mSGDMA IP, you can have different selections up to 1024. Refer to the
MAX_BURST_COUNT parameter in the parameter table. You will still have a burst
count of 128 if you program for greater than 128. Programing to 0, gets the maximum
burst count selected during instantiation time.

Related Information

Parameters on page 362
For more information, refer to the MAX_BURST_COUNT parameter.

31.4.5. Read and Write Stride Fields

The read and write stride fields are optional and only available when using the
extended descriptor format. The stride value determines how the read and write hosts
increment the address when accessing memory. The stride value is in terms of words,
so the address incrementing is dependent on the host data width.

When stride is enabled, the host defaults to sequential accesses, which is the
equivalent to a stride distance of one. A stride of zero instructs the host to
continuously access the same address. A stride of two instructs the host to skip every
other word in a sequential transfer. You can use this feature to perform interleaved
data accesses, or to perform a frame buffer row and column transpose. The read and
write stride distances are stored independently allowing, you to use different address
incrementing for read and write accesses in memory-to-memory transfers. For
example, to perform a 2:1 data decimation transfer, you would simply configure the
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read host for a stride distance of two and the write host for a stride distance of one.
To complete the decimation operation you could also insert a filter between the two
hosts.

31.4.6. Control Field

The control field is available for both the standard and extended descriptor formats.
This field can be programmed to configure parked descriptors, error handling, and
interrupt masks. The interrupt masks are programmed into the descriptor so that
interrupt enables are unique for each transfer.

Table 299. Descriptor Control Field Bit Definition

Bit Sub-Field Name Definition

31 Go Commits all the descriptor information into the descriptor FIFO.
As the host writes different fields in the descriptor, FIFO byte enables
are asserted to transfer the write data to appropriate byte locations in
the FIFO.
However, the data written is not committed until the go bit has been
written.
As a result, ensure that the go bit is the last bit written for each
descriptor.
Writing '1' to the go bit commits the entire descriptor into the
descriptor FIFO(s).

30:26 <reserved>

25 Wait for write responses When set, on completion of the DMA transfer, the host is only notified
when all the outstanding writes have been responded. Those
outstanding writes include writes transfer initiated by previous
descriptor.
This field is valid only when Enable Write Response parameter is set.
Enabling this bit resulted in longer time for write response host to
move into the next descriptor. Therefore, it is recommended to set this
field on the last descriptor of the transfer.

24 Early done enable Hides the latency between read descriptors.
When the read host is set, it does not wait for pending reads to return
before requesting another descriptor.
Typically this bit is set for all descriptors except the last one. This bit is
most effective for hiding high read latency. For example, it reads from
SDRAM, PCIe, and SRIO.

23:16 Transmit Error / Error IRQ
Enable

For for Avalon-MM to Avalon-ST transfers, this field is used to specify a
transmit error.
This field is commonly used for transmitting error information
downstream to streaming components, such as an Ethernet MAC.
In this mode, these control bits control the error bits on the streaming
output of the read host.
For Avalon-ST to Avalon-MM transfers, this field is used as an error
interrupt mask.
As errors arrive at the write host streaming sink port, they are held
persistently. When the transfer completes, if any error bits were set at
any time during the transfer and the error interrupt mask bits are set,
then the host receives an interrupt.
In this mode, these control bits are used as an error encountered
interrupt enable.

15 Early Termination IRQ Enable Signals an interrupt to the host when a Avalon-ST to Avalon-MM
transfer completes early.

continued...   
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Bit Sub-Field Name Definition

For example, if you set this bit and set the length field to 1MB for
Avalon-ST to Avalon-MM transfers, this interrupt asserts when more
than 1MB of data arrives to the write host without the end of packet
being seen.

14 Transfer Complete IRQ Enable Signals an interrupt to the host when a transfer completes.
In the case of Avalon-MM to Avalon-ST transfers, this interrupt is based
on the read host completing a transfer.
In the case of Avalon-ST to Avalon-MM or Avalon-MM to Avalon-MM
transfers, this interrupt is based on the write host completing a
transfer.

13 <reserved>

12 End on EOP End on end of packet allows the write host to continuously transfer
data during Avalon-ST to Avalon-MM transfers without knowing how
much data is arriving ahead of time.
This bit is commonly set for packet-based traffic such as Ethernet.

11 Park Writes When set, the dispatcher continues to reissue the same descriptor to
the write host when no other descriptors are buffered.

10 Park Reads When set, the dispatcher continues to reissue the same descriptor to
the read host when no other descriptors are buffered. This is commonly
used for video frame buffering.

9 Generate EOP Emits an end of packet on last beat of a Avalon-MM to Avlaon-ST
transfer

8 Generate SOP Emits a start of packet on the first beat of a Avalon-MM to Avalon-ST
transfer

7:0 Transmit Channel Emits a channel number during Avalon-MM to Avalon-ST transfers

31.5. Register Map of mSGDMA

The following table illustrates the mSGDMA register map under observation by host
processor from its Avalon-MM CSR interfaces.

Table 300. CSR Registers Map

Byte Lanes

Offset Attribute 3 2 1 0

0x0 Read/Clear Status

0x4 Read/Write Control

0x8 Read Write Fill Level[15:0] Read Fill Level[15:0]

0xC Read <reserved>(28) Response Fill Level[15:0]

0x10 Read Write Sequence Number[15:0](29) Read Sequence Number[15:0](29)

continued...   

(28) Writing to reserved bits will have no impact on the hardware, reading will return unknown
data.

(29) Sequence numbers will only be present when dispatcher enhanced features are enabled.
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Byte Lanes

Offset Attribute 3 2 1 0

0x14 Read Component Configuration 1(30)

0x18 Read Component Configuration 2(30)

0x1C Read <reserved>(28) Component Type
[7:0](31)

Component Version
[7:0](32)

31.5.1. Status Register

Table 301. Status Register Bit Definition

Bit Name Description

31:
10

<reserved> N/A

9 IRQ Set when interrupt condition occurs.
This bit is set by hardware and cleared by software. To clear this bit, software needs to write
a 1 to this bit. This bit is set when a hardware event has a higher priority than a clear by a
software event.

8 Stopped on Early
Termination

When the dispatcher is programmed to stop on early termination, this bit is set. Also set,
when the write host is performing a packet transfer and does not receive EOP before the
pre-determined amount of bytes are transferred, which is set in the descriptor length field.
If you do not wish to use early termination you should set the transfer length of the
descriptor to 0xFFFFFFFF ,which gives you the maximum packet based transfer possible
(early termination is always enabled for packet transfers).

7 Stopped on Error When the dispatcher is programmed to stop errors and when an error beat enters the write
host the bit is set.

6 Resetting Set when you write to the software reset register and the SGDMA is in the middle of a reset
cycle. This reset cycle is necessary to make sure there are no incoming transfers on the
fabric. When this bit de-asserts you may start using the SGDMA again.

5 Stopped Set when you either manually stop the SGDMA, or you setup the dispatcher to stop on
errors or early termination and one of those conditions occurred. If you manually stop the
SGDMA this bit is asserted after the host completes any read or write operations that were
already in progress.

4 Response Buffer Full Set when the response buffer is full.

3 Response Buffer
Empty

Set when the response buffer is empty.

2 Descriptor Buffer Full Set when either the read or write command buffers are full.

1 Descriptor Buffer
Empty

Set when both the read and write command buffers are empty.

0 Busy Set when
continued...   

(30) Only available in Intel Quartus Prime Pro Edition. In Intel Quartus Prime Standard Edition,
these fields are reserved.

(31) Fix value: 0xDA. Only available in Intel Quartus Prime Pro Edition. In Intel Quartus Prime
Standard Edition, these fields are reserved.

(32) Fix value: 0x1. Only available in Intel Quartus Prime Pro Edition. In Intel Quartus Prime
Standard Edition, these fields are reserved.
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Bit Name Description

• the dispatcher still has commands buffered
• one of the hosts is still transferring data
• the write host is waiting for write responses to return if wait for write response is

enabled in the descriptor and write responses are still returning.

31.5.2. Control Register

Table 302. Control Register Bit Definition

Bit Name Description

31:
6

<reserved> Reserved.

5 Stop Descriptors Setting this bit stops the SGDMA dispatcher from issuing more descriptors to the read or
write hosts. Read the stopped status register to determine when the dispatcher stopped
issuing commands and the read and write hosts are idle.

4 Global Interrupt
Enable Mask

Setting this bit will allow interrupts to propagate to the interrupt sender port. This mask
occurs before the register logic so any interrupt events that are triggered when the mask is
disabled will not be latched by IRQ register bit in status register.

3 Stop on Early
Termination

Setting this bit stops the SGDMA from issuing more read/write commands to the host
modules if the write host attempts to write more data than the user specifies in the length
field for packet transactions. The length field is used to limit how much data can be sent and
is always enabled for packet based writes.

2 Stop on Error Setting this bit stops the SGDMA from issuing more read/write commands to the host
modules if an error enters the write host module sink port.

1 Reset Dispatcher Setting this bit resets the registers and FIFOs of the dispatcher and host modules. Since
resets can take multiple clock cycles to complete due to transfers being in flight on the
fabric, you should read the resetting status register to determine when a full reset cycle has
completed.

0 Stop Dispatcher Setting this bit stops the SGDMA in the middle of a transaction. If a read or write operation
is occurring, then the access is allowed to complete. Read the stopped status register to
determine when the SGDMA has stopped. After reset, the dispatcher core defaults to a start
mode of operation.

The response agent port of mSGDMA contains registers providing information of the
executed transaction. This register map is only applicable when the response mode is
enabled and set to memory mapped. Also when the response port is enabled, it needs
to have responses read because it buffers responses. When setup as a memory-
mapped agent port, reading byte offset 0x7 outputs the response. If the response
FIFO becomes full the dispatcher stops issuing transfer commands to the read and
write hosts. The following describes the registers definition.

Table 303. Response Registers Map

Byte Lanes

Offset Access 3 2 1 0

0x0 Read Actual Bytes Transferred[31:0]

0x4 Read <reserved>(33) <reserved> Early
Termination(34)

Error[7:0]

(33) Reading from byte 7 outputs the response FIFO.
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The following list explains each of the fields:

• Actual bytes transferred determines how many bytes transferred when the
mSGDMA is configured in Avalon-ST to Avlaon-MM mode with packet support
enabled. Since packet transfers are terminated by the IP providing the data, this
field counts the number of bytes between the start-of-packet (SOP) and end-of-
packet (EOP) received by the write host. If the early termination bit of the
response is set, then the actual bytes transferred is an underestimate if the
transfer is unaligned.

• Error Determines if any errors were issued when the mSGDMA is configured in
Avalon-ST to Avlaon-MM mode with error support enabled. Each error bit is
persistent so that errors can accumulate throughout the transfer.

• Early Termination determines if a transfer terminates because the transfer
length is exceeded when the SGDMA is configured in Avalon-ST to Avalon-MM
mode with packet support enabled. This bit is set when the number of bytes
transferred exceeds the transfer length set in the descriptor before the end-of-
packet is received by the write host.

31.5.3. Write Fill Level Register

Bit Name Description

15:0 Write Fill Level
Indicates number of valid descriptor entries in the write command
fifo that are yet to be executed. The fill level read back of 0 indicates
that the write host is either idle or operating on the last descriptor.

31.5.4. Read Fill Level Register

Bit Name Description

15:0 Read Fill Level
Indicates number of valid descriptor entries in the read command
fifo that are yet to be executed. The fill level read back of 0 indicates
that the read host is either idle or operating on the last descriptor.

31.5.5. Response Fill Level Register

Bit Name Description

15:0 Response Fill Level

Indicates number of valid response entries in the response fifo that
are yet to be retrieved. Response data can be retrieved from
response fifo through either response Streaming port or Memory-
Mapped agent port. If the Response Port parameter is disabled,
this field output is 0.

31.5.6. Write Sequence Number Register

Bit Name Description

15:0 Write Sequence Number

Indicates the sequence number of the next descriptor for the write
host to operate on. If transfer mode is set to Memory-Mapped to
Streaming, the output value is 0. This field is available only when
Extended Feature Support parameter is enabled.

(34) Early Termination is a single bit located at bit 8 of offset 0x4.
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31.5.7. Read Sequence Number Register

Bit Name Description

15:0 Read Sequence Number

Indicates the sequence number of the next descriptor for the read
host to operate on. If transfer mode is set to Memory-Mapped to
Streaming, the output value is 0. This field is available only when
Extended Feature Support parameter is enabled.

31.5.8. Component Configuration 1 Register

Bit Name Description

0 BURST_ENABLE

Indicates burst transfer:
• 0: Burst mode is disabled
• 1: Burst mode is enabled

1 BURST_WRAPPING_SUPPORT

Indicates burst wrapping support:
• 0: Burst wrapping is disabled
• 1: Burst wrapping is enabled

2 CHANNEL_ENABLE

Indicates channel support in data streaming interface:
• 0: Channel support is disabled
• 1: Channel support is enabled

5:3 CHANNEL_WIDTH

Indicates the number of channel used in data streaming interface.
The number of channel is CHANNEL_WIDTH + 1:
• 0: 1 channel
• 1: 2 channels
• 2: 3 channels
• ...
• 7: 8 channels

9:6 DATA_FIFO_DEPTH

Indicates the depth of internal data path fifo. The depth of the data
path fifo is 2(DATA_FIFO_DEPTH + 4):
• 0: Depth of 16
• 1: Depth of 32
• 2: Depth of 64
• ...
• 8: Depth of 4096
• 9 to 15 : Reserved

12:10 DATA_WIDTH

Indicates the width of data path. The width of data path is
2(DATA_WIDTH + 3):
• 0: Width of 8
• 1: Width of 16
• 2: Width of 32
• ...
• 7: Width of 1024

15:13 DESCRIPTOR_FIFO_DEPTH

Indicates the depth of descriptor fifo. The depth of descriptor fifo is
2(DESCRIPTOR_FIFO_DEPTH + 3):
• 0: Width of 8
• 1: Width of 16
• 2: Width of 32
• ...
• 7: Width of 1024

17:16 DMA_MODE Indicates the transfer mode:

continued...   

31. Modular Scatter-Gather DMA Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

372

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 373 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Bit Name Description

• 0: Memory-Mapped to Memory-Mapped
• 1: Memory-Mapped to Streaming
• 2: Streaming to Memory-Mapped
• 3: Reserved

18 ENHANCED_FEATURES

Indicates extended features support:
• 0: Extended features is disabled
• 1: Extended features is enabled

19 ERROR_ENABLE

Indicates error support in data streaming interface:
• 0: Error support is disabled
• 1: Error support is enabled

22:20 ERROR_WIDTH

Indicates the number of error lines in data streaming interface. The
number of error lines is ERROR_WIDTH + 1:
• 0: 1 error line
• 1: 2 error lines
• 2: 3 error lines
• ...
• 7: 8 error lines

26:23 MAX_BURST_COUNT

Indicates the maximum burst count. The maximum burst count is
2(MAX_BURST_COUNT + 1):
• 0: Burst count of 2
• 1: Burst count of 4
• 2: Burst count of 8
• ...
• 9: Burst count of 1024
• 10 to 15 : Reserved

31:27 MAX_BYTE

Indicates the maximum transfer length. The maximum transfer
length is 2(MAX_BYTE + 10):
• 0: Transfer length of 1024
• 1: Transfer length of 2048
• 2: Transfer length of 4096
• ...
• 21: Transfer length of 2147483648

31.5.9. Component Configuration 2 Register

Bit Name Description

0 STRIDE_ENABLE

Indicates stride addressing:
• 0: Stride addressing is disabled
• 1: Stride addressing is enabled

15:1 MAX_STRIDE
Indicates maximum stride count. The actual stride count is
MAX_STRIDE + 1

16 PACKET_ENABLE

Indicates packet transfer:
• 0: Packet transfer is disabled
• 1: Packet transfer is enabled

17 PREFETCHER_ENABLE

Indicates pre-fetching mode:
• 0: Pre-fetching mode is disabled
• 1: Pre-fetching mode is enabled

18 PROGRAMMABLE_BURST_ENA
BLE

Indicates dynamic burst programming:
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Bit Name Description

• 0: Dynamic burst programming is disabled
• 1: Dynamic burst programming is enabled

20:19 RESPONSE_PORT

Indicates response port and its port interface type:
• 0: Memory-Mapped
• 1: Streaming
• 2: Disabled
• 3: Reserved

22:21 TRANSFER_TYPE

Indicates transaction type:
• 0: Full word accesses only
• 1: Aligned accesses
• 2: Unaligned accesses
• 3: Reserved

31:23 - Reserved

31.5.10. Component Type Register

Bit Name Description

7:0 Type

Specifies component type number.
Fix value: 0xDA.
Only available in Intel Quartus Prime Pro Edition. In Intel Quartus
Prime Standard Edition, these fields are reserved.

31.5.11. Component Version Register

Bit Name Description

7:0 Version

Specifies component version number.
Fix value: 0x1.
Only available in Intel Quartus Prime Pro Edition. In Intel Quartus
Prime Standard Edition, these fields are reserved.

31.6. Programming Model

31.6.1. Stop DMA Operation

The stop DMA operation is also referring to stop dispatcher. Once the “Stop
Dispatcher” bit is set in the Control Register, no further new read or write transaction
is issued. However, existing transactions pending completion are allowed to complete.
The command buffer in both the read host and write host must be clear before the
DMA resumes operation via a reset request. Proceed with the following steps for the
stop DMA operation:

1. Set the Stop Dispatcher bit of the Control Register.

2. Recursively check if Stopped bit of Status Register is asserted.

3. When the Stopped bit of the Status Register is asserted, reset the DMA by setting
the Reset Dispatcher bit of the Control Register. When setting the Reset
Dispatcher bit of Control Register, ensures Stop DMA bit remains in set
condition.

4. Check if the Resetting bit of the Status Register is deasserted. If it is, DMA is now
back in normal operation.
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31.6.2. Stop Descriptor Operation

The Stop Descriptor temporary stops the dispatcher core from continuing to issue
commands to the read host and write host. The dispatcher core operates in the sense
that it can accept a descriptor sent by the host up to its descriptor FIFO limit. Proceed
with the following steps for the stop descriptor operation:

1. Set “Stop Descriptor” bit of Control Register.

2. Check if “Stopped” bit of Status Register is asserted.

To resume DMA from its previously stop descriptor operation, do the following:

1. Unset the “Stop Descriptor” bit of Control Register.

2. Check if “Stopped” bit of Status Register is deasserted.

31.6.3. Recovery from Stopped on Error and Stopped on Early
Termination

When stopped on error or stopped on early termination occurs, mSGDMA requires a
software reset to continue operation.

1. When the “Stopped” bit of the Status register is asserted, reset the DMA by
setting the “Reset Dispatcher” bit of Control register.

2. Check if the “Resetting” bit of Status register is deasserted. If it is, DMA is now
back in normal operation.
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31.7. Modular Scatter-Gather DMA Prefetcher Core

The mSGDMA Prefetcher core is an additional micro core to the existing mSGDMA
core. The Prefetcher core provides extra functionality through the Avalon-MM and
dispatcher core. The Avalon-MM fetches a series of descriptors from memory that
describes the required data transfers before passing them to dispatcher core for data
transfer execution. The series of descriptors in memory can be linked together to form
a descriptor list. This allows the DMA core to execute multiple descriptors in single
run, thus enabling transfer to a non-contiguous memory space and improves system
performance.

31.7.1. Functional Description

31.7.1.1. Supported Features

• Descriptor linked list

• Data transfer to non-contiguous memory space

• Descriptor write back

• Hardware descriptor polling

• 64-bit address spaces

31.7.1.2. Architecture Overview

The Prefetcher core supports all the three existing Modular SGDMA configurations:

• Memory-Mapped to Memory-Mapped

• Memory-Mapped to Streaming

• Streaming to Memory-Mapped

On interfaces facing host and external peripherals, it has dedicated Avalon-MM read
and write host interfaces to fetch series of descriptors from memory as well as
performing a descriptor write back. It has one Avalon Memory-Mapped CSR agent
interface for the host processor to access the configuration register in the Prefetcher
core.

On interfaces facing the internal dispatcher core, it has an Avalon-MM descriptor write
host interface to write a descriptor to the dispatcher core. It has Avalon-ST response
sink interface to receive response information from the dispatcher core upon
completion of each descriptor execution.
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Figure 107. Memory-Mapped to Memory-Mapped Configuration with Prefetcher Enabled
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Figure 108. Memory-Mapped to Streaming Configuration with Prefetcher Enabled
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Figure 109. Streaming to Memory-Mapped Configuration with Prefetcher Enabled
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31.7.1.3. Descriptor Format

The mSGDMA without the Prefetcher core defines two types of descriptor formats.
Standard descriptor format which consists of 128 bits and extended descriptor format
which consists of 256 bits. With the Prefetcher core enabled, the existing descriptor
format is expanded to 256 bits and 512 bits respectively in order to accommodate
additional control information for the prefetcher operation.

Table 304. Standard Descriptor Format when Prefetcher is Enabled

Byte Lanes

Offset 3 2 1 0

0x0 Read Address [31-0]

0x4 Write Address [31-0]

0x8 Length [31-0]

0xC Next Desc Ptr [31-0]

0x10 Actual Bytes Transferred [31-0]

0x14 Reserved [15-0] Status [15-0]

0x18 Reserved [31-0]

0x1C Control [31, 30, 29..0]
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Table 305. Extended Descriptor Format when Prefetcher is Enabled

Byte Lanes

Offset 3 2 1 0

0x0 Read Address [31-0]

0x4 Write Address [31-0]

0x8 Length [31-0]

0xC Next Desc Ptr [31-0]

0x10 Actual Bytes Transferred [31-0]

0x14 Reserved [15-0] Status [15-0]

0x18 Reserved [31-0]

0x1C Write Burst Count
[7-0]

Read Burst Count
[7-0]

Sequence Number [15-0]

0x20 Write Stride [15-0] Read Stride [15-0]

0x24 Read Address [63-32]

0x28 Write Address [63-32]

0x2C Next Desc Ptr [63-32]

0x30 Reserved [31-0]

0x34 Reserved [31-0]

0x38 Reserved [31-0]

0x3C Control [31, 30, 29..0]

31.7.1.3.1. Descriptor Fields Definition

Next Descriptor Pointer

The next descriptor pointer field specifies the address of the next descriptor in the
linked list.

Actual Bytes Transferred

Specifies the actual number of bytes that has been transferred. This field is not
applicable if Modular SGDMA is configured as Memory-Mapped to Streaming transfer.

Table 306. Status

Bits Fields Description

15:9 Reserved Reserved fields

8 Early Termination Indicates early termination condition where write host is performing a
packet transfer and does not receive EOP before pre-determined amount of
bytes are transferred. This status bit is similar to status register bit 8 of the
dispatcher core. For more details refer to dispatcher core CSR definition.
This field is not applicable if Modular SGDMA is configured as Memory-
Mapped to Streaming transfer.

7:0 Error Indicates an error has arrived at the write host streaming sink port.
This field is not applicable if Modular SGDMA is configured as Memory-
Mapped to Streaming transfer.
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Table 307. Control

Bits Fields Description

30 Owned by Hardware This field determines whether hardware or software has write access to the
current descriptor.
When this field is set to 1, the Modular SGDMA can update the descriptor
and software should not access the descriptor due to the possibility of race
conditions. Otherwise, it is safe for software to update the descriptor.

For bit 31 and 29:0, refer to descriptor control field bit 31 and 29:0 defined in
dispatcher core. Table 299 on page 367

31.7.1.3.2. Descriptor Processing

The DMA descriptors specify data transfers to be performed. With the Prefetcher core,
a descriptor is stored in memory and accessed by the Prefetcher core through its
descriptor write and descriptor read Avalon-MM host. The mSGDMA has an internal
FIFO to store descriptors read from memory. This FIFO is located in the dispatcher’s
core. The descriptors must be initialized and aligned on a descriptor read/write data
width boundary. The Prefetcher core relies on a cleared Owned By Hardware bit to
stop processing. When the owned by Hardware bit is 1, the Prefetcher core goes
ahead to process the descriptor. When the Owned by Hardware bit is 0, the Prefetcher
core does not process the current descriptor and assumes the linked list has ended or
the next descriptor linked list is not yet ready.

Each time a descriptor has been processed, the core updates the Actual Byte
Transferred, Status and Control fields of the descriptor in memory (descriptor write
back). The Owned by Hardware bit in the descriptor control field is cleared by the core
during descriptor write back. Refer to software programming model section to know
more about recommended way to set up the Prefetcher core, building and updating
the descriptor list.

In order for the Prefetcher to know which memory addresses to perform descriptor
write back, the next descriptor pointer information will need to be buffered in
Prefetcher core. This buffer depth will be similar to descriptor FIFO depth in dispatcher
core. This information is taken out from buffer each time a response is received from
dispatcher.

31.7.1.4. Registers

31.7.1.4.1. Register Map

Table 308. Register Map

Name Address Offset Description

Control 0x0 Specifies the Prefetcher core behavior
such as when to start the core.

Next Descriptor Pointer Low 0x1 Contains the address [31:0] of the
next descriptor to process. Software
sets this register to the address of the
first descriptor as part of the system
initialization sequence.
If descriptor polling is enabled, this
register is also updated by hardware to
store the latest next descriptor
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Name Address Offset Description

address. The latest next descriptor
address is used by the Prefetcher core
to perform descriptor polling.

Next Descriptor Pointer High 0x2 Contains the address [63:32] of the
next descriptor to process. Software
set this register to the address of the
first descriptor as part of the system
initialization sequence. This field is
used only when higher than 32-bit
addressing is used when mSGDMA’s
extended feature is enabled.
If descriptor polling is enabled, this
register is also updated by hardware to
store the latest next descriptor
address. The latest next descriptor
address is used by the Prefetcher core
to perform descriptor polling.

Descriptor Polling Frequency 0x3 Descriptor Polling Frequency

Status 0x4 Status Register

31.7.1.4.2. Control Register

The address offset for the Control Register table is 0x0.

Table 309. Control Register

Bit Fields Access Default Value Description

31:5 Reserved R 0x0 Reserved fields

4 Park Mode R/W 0x0 This bit enables the mSGDMA to
repeatedly execute the same linked list
over and over again. In order for this to
work, software need to setup the last
descriptor to point back to the first
descriptor.
1: Park mode is enabled. Pefetcher will
not clear the owned by hardware field
during descriptor write back
0: Park mode is disabled. Prefetcher will
clear the owned by hardware field during
descriptor write back.
Software can terminate the park mode
operation by clearing this field. Since this
field is in CSR and not in descriptor field
itself, this termination event is
asynchronous to current descriptor in
progress (user can’t deterministically
choose which descriptor in the linked list
to stop).
Park mode feature is not intended to be
used on the fly. User must not enable this
bit when the Prefetcher is already in
operation. This bit shall be set during
initialization/configuration phase of the
control register.

3 Global Interrupt Enable
Mask

R/W 0x0 Setting this bit will allow interrupts to
propagate to the interrupt sender port.
This mask occurs before the register logic
so any interrupt events that are triggered
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Bit Fields Access Default Value Description

when the mask is disabled will not be
latched by IRQ register bit in status
register.
Note: There is an equivalent global

interrupt enable mask bit in
dispatcher core CSR. When the
Prefetcher is enabled, software
shall use this bit. When the
Prefetcher is disabled, software
shall use equivalent global
interrupt enable mask bit in
dispatcher core CSR.

2 Reset_Prefetcher R/W1S(35) 0x0 This bit is used when software intends to
stop the Prefetcher core when it is in the
middle of data transfer. When this bit is 1,
the Prefetcher core begin its reset
sequence.
This bit is automatically cleared by
hardware when the reset sequence has
completed. Therefore, software need to
poll for this bit to be cleared by hardware
to ensure the reset sequence has finished.
This function is intended to be used along
with reset dispatcher function in
dispatcher core. Once the reset sequence
in the Prefetcher core has completed,
software is expected to reset the
dispatcher core, polls for dispatcher’s
reset sequence to be completed by
reading dispatcher core status register.

1 Desc_Poll_En R/W 0x0 Descriptor polling enable bit.
1: When the last descriptor in current
linked list has been processed, the
Prefetcher core polls the Owned By
Hardware bit of next descriptor to be set
and automatically resumes data transfer
without the need for software to set the
Run bit. The polling frequency is specified
in Desc_Poll_Freq register.
0: When the last descriptor in current
linked list has been processed, the
Prefetcher stops operation and clears the
run bit. In order to restart the DMA
engine, software need to set the Run bit
back to 1.
In case software intends to disable polling
operation in the middle of transfer,
software can write this field to 0. In this
case, the whole mSGDMA operation is
stopped when the Prefetcher core
encounter owned by hardware bit = 0.
Note: This bit should be set during

initialization or configuration of the
control register.

0 Run R/W1S 0x0 Software sets this bit to 1 to start the
descriptor fetching operation which
subsequently initiates the DMA
transaction.

(35) W1S register attribute means, software can write 1 to set the field. Software write 0 to this
field has no effect.
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Bit Fields Access Default Value Description

When descriptor polling is disabled, this
bit is automatically cleared by hardware
when the last descriptor in the descriptor
list has been processed or when the
Prefetcher core read owned by hardware
bit = 0.
When descriptor polling is enabled,
mSGDMA operation is continuously run.
Thus the run bit stays 1.
This field is also cleared by hardware
when reset sequence process triggered by
Reset_Prefetcher bit completes.

31.7.1.4.3. Descriptor Polling Frequency

Table 310. Desc_Poll_Freq

Bit Fields Access Default Description

31:16 Reserved R 0x0 Reserved fields

15:0 Poll_Freq R/W 0x0 Specifies the
frequency of
descriptor polling
operation. The polling
frequency is in term of
number of clock
cycles. The poll period
is counted from the
point where read data
is received by the
Prefetcher core.

31.7.1.4.4. Status

Table 311. Status

Bit Fields Access Default Value Description

31:1 Reserved R 0x0 Reserved fields

0 IRQ R/W1C(36) 0x0 Set by hardware when
an interrupt condition
occurs. Software must
perform a write 1 to
this field in order to
clear it.
There is an equivalent
IRQ status bit in the
dispatcher core CSR.
When the Prefetcher is
enabled, software
uses this bit as an IRQ
status indication.
When the Prefetcher is
disabled, software
uses equivalent IRQ
status bit in
dispatcher core CSR.

(36) W1C register attribute means, software write 1 to clear the field. Software write 0 to this field
has no effect.
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31.7.1.5. Interfaces

31.7.1.5.1. Avalon-MM Read Descriptor

This interface is used to fetch descriptors in memory. It supports non-burst or burst
mode which configurable during generation time.

Table 312. Avalon-MM Read Descriptor

Signal Role Width Description

Address 32 to 64-bit Avalon-MM read address.
32-bits if extended feture is disabled.
32- to 64-bits if extended feature is
enabled.

Read 1 Avalon-MM read control

Read data 32, 64, 128, 256, 512 Avalon-MM read data bus. Data width
is configurable during IP generation.

Wait request 1 Avalon-MM wait request for
backpressure control.

Read data valid 1 Avalon-MM read data valid indication.

Burstcount 1/2/3/4/5 Avalon-MM burst count. The maximum
burst count is configurable during IP
generation.
This signal role is applicable only when
the Enable Bursting on the descriptor
read host is turned on.

31.7.1.5.2. Avalon-MM Write Descriptor

This interface is used to access the Prefetcher CSR registers. It has fixed write and
read wait time of 0 cycles and read latency of 1 cycle.

Table 313. Avalon-MM Write Descriptor

Signal Role Width Description

Address 32 to 64 Avalon-MM write address

Write 1 Avalon-MM read control

Wait request 1 Avalon-MM waitrequest for
backpressure control

Write data 32, 64, 128, 256, 512 Avalon-MM write data bus

Byte enable 4, 8, 16, 32, 64 Avalon-MM write byte enable control.
Its width is automatically derived from
selected data width

31.7.1.5.3. Avalon-MM CSR

This interface is used to access the Prefetcher CSR registers. It has fixed write and
read wait time of 0 cycles and read latency of 1 cycle.
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Table 314. Avalon-MM CSR

Signal Role Width Description

Address 3 Avalon-MM write address

Write 1 Avalon-MM read control

Read 1 Avalon-MM write control

Write data 32 Avalon-MM write data bus

Read data 32 Avalon-MM read data bus

31.7.1.5.4. Avalon-ST Descriptor Source

This interface is used by the Prefetcher to write descriptor information into the
dispatcher core.

Table 315. Avalon-ST Descriptor Source

Signal Role Width Description

Valid 1 Avalon-ST valid control

Ready 1 Avalon-ST ready control with ready
latency of 0. Refer to dispatcher's
descriptor format for write data
definition.

Data 128/256 Avalon-ST data bus

31.7.1.5.5. Avalon-ST Response

This interface is used by the Prefetcher core to retrieve response information from
dispatcher’s core upon each transfer completion.

Table 316. Avalon-ST Response

Signal Role Width Description

Valid 1 Avalon-ST valid control.
Prefetcher core expects valid signal to
remain high while the bus is being
back pressured.

Ready 1 Avalon-ST ready control. Used by the
Prefetcher core to back pressure the
external ST response source.

Data 256 Avalon-ST data bus. Refer to
dispatcher’s response source format for
ST data definition.
Prefetcher core expects data signals to
remain constant while the bus is being
back pressured.
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Streaming interface (ST) data bus format and definition are similar to the dispatcher’s
response source format:

Table 317. Avalon-ST Response Data Format and Definition

Bits Signal Information

[31:0] Actual bytes transferred [31:0]

[39:32] Error [7:0]

40 Early termination

41 Transfer complete IRQ mask

[49:42] Error IRQ mask

50 Early termination IRQ mask

51 Descriptor buffer full

[255:52] Reserved

31.7.1.5.6. IRQ Interface

When the Prefetcher is enabled, IRQ generation no longer outputs from the
dispatcher’s core. It will be outputted from the Prefetcher core. The sources of the
interrupt remain the same which are transfer completion, early termination, and error
detection. Masking bits for each of the interrupt sources are programmed in the
descriptor. This information will be passed to the Prefetcher core through the ST
response interface. An equivalent global interrupt enable mask and IRQ status bit
which are defined in dispatcher core are now defined in the Prefetcher core as well.
These two bits need to be defined in the Prefetcher core since the actual IRQ register
is now located in the Prefetcher core.

31.7.1.6. Software Programming Model

31.7.1.6.1. Setting up Descriptor and mSGDMA Configuration Flow

The following is the recommended software flow to setup the descriptor and
configuring the mSGDMA.

1. Build the descriptor list and terminate the list with a non-hardware owned
descriptor (Owned By Hardware = 0).

2. Configure mSGDMA by accessing dispatcher core control register (for example: to
configure Stop on Error, Stop on Early Termination, etc…)

3. Configure mSGDMA by accessing the Prefetcher core configuration register (for
example: to write the address of the first descriptor in the first list to the next
descriptor pointer register and set the Run bit to 1 to initiate transfers).

4. While the core is processing the first list, your software may build a second list of
descriptors.
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5. An IRQ can be generated each time a descriptor transfer is completed (depends
whether transfer complete IRQ mask is set for that particular descriptor). If you
only need an IRQ to be generated when mSGDMA finishes processing the first list,
you only need to set transfer complete IRQ mask for the last descriptor in the first
list.

6. When the last descriptor in the first linked list has been processed, an IRQ will be
generated if the descriptor polling is disabled. Following this, your software needs
to update the next descriptor pointer register with the address of the first
descriptor in the second linked list before setting the run bit back to 1 to resume
transfers. If descriptor polling is enabled, software does not need to update the
next descriptor pointer register (for second descriptor linked list onwards) and set
the run bit back to 1. These 2 steps are automatically done by hardware. The
address of the new list is indicated by next descriptor pointer fields of the previous
list. The Prefetcher core polls for the Owned by Hardware bit to be 1 in order to
resume transfers. Software only needs to flip the Owned by Hardware bit of the
first descriptor in second linked list to 1 to indicate to the Prefetcher core that the
second linked list is ready.

7. If there are new descriptors to add, always add them to the list which the core is
not processing (indicated by Owned By Hardware = 0). For example, if the core is
processing the first list, add new descriptors to the second list and so forth. This
method ensures that the descriptors are not updated when the core is processing
them. Your software can read the descriptor in the memory to know the status of
the transfer (for example; to know the actual bytes being transferred, any error in
the transfer).

31.7.1.6.2. Resetting Prefetcher Core Flow

The following is the recommended flow for software to stop the mSGDMA when it is in
the middle of operation.

1. Write 1 to the Prefetcher control register bit 2 (Reset_Prefetcher bit set to 1).

2. Poll for control register bit 2 to be 0 (Reset_Prefetcher bit cleared by hardware).

3. Trigger software reset condition in the dispatcher core.

4. Poll for software reset condition in the dispatcher core to be completed by reading
the dispatcher core status register.

5. The whole reset flow has completed, software can reconfigure the mSGDMA.

31.7.1.7. Parameters

Table 318. Prefetcher Parameters

Name Legal Value Description

Enable Pre-fetching Module 1 or 0 1: Pre-fetching is enabled
0: Pre-fetching is disabled

Enable bursting on descriptor read host 1 or 0 1: Pre-fetching module uses Avalon-
MM bursting when fetching descriptors.

Data Width (Avalon-MM Read/Write
Descriptor)

32, 64, 128, 256, 512 Specifies the read and write data width
of Avalon-MM read and write descriptor
host.

continued...   
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Name Legal Value Description

Maximum Burst Count (Avalon-MM
Read Descriptor)

1, 2, 4, 8, 16 Specifies the maximum read burst
count of Avalon-MM read descriptor
host.

Enable Extended Feature Support 1 or 0 This is a derived parameter from the
mSGDMA top level composed. This is
needed by this core to determine
descriptor length (different length for
standard/extended descriptor).

FIFO Depth 8, 16, 32, 64, 128, 256, 512, 1024 This is a derived parameter from the
mSGDMA top level composed. This is
needed by this core to determine its
buffer depth to store next descriptor
pointer information for descriptor write
back.
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31.8. Driver Implementation

Following section contains the APIs for the mSGDMA HAL Driver. An open mSGDMA
API will instantiate an mSGDMA device with optional register interrupt service routine
(ISR). You must define your own specific handling mechanism in the callback function
when using an ISR. A callback function will be called by the ISR on error, early
termination, and on transfer complete.

31.8.1. alt_msgdma_standard_descriptor_async_transfer

Table 319. alt_msgdma_standard_descriptor_async_transfer

Prototype: int alt_msgdma_standard_descriptor_async_transfer(alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *desc)

Include: < modular_sgdma_dispatcher.h >, < altera_msgdma_csr_regs.h>,
<altera_msgdma_descriptor_regs.h>, <sys/alt_errno.h>, <sys/alt_irq.h>, <io.h>

Parameters: *dev — a pointer to msgdma instance.
*desc — a pointer to a standard descriptor structure

Returns: “0” for success, –ENOSPC indicates FIFO buffer is full, –EPERM indicates operation not
permitted due to descriptor type conflict, -ETIME indicates Time out and skipping the looping
after 5 msec.

Description: A descriptor needs to be constructed and passing as a parameter pointer to *desc when calling
this function. This function will call the helper function
“alt_msgdma_descriptor_async_transfer” to start a non-blocking transfer of one standard
descriptor at a time. If the FIFO buffer for a read/write is full at the time of this call, the
routine will immediately return –ENOSPC, the application can then decide how to proceed
without being blocked. -ETIME will be returned if the time spending for writing the descriptor to
the dispatcher takes longer than 5 msec. You are advised to refer to the helper function for
details. If a callback routine has been previously registered with this particular mSGDMA
controller, the transfer will be set up to enable interrupt generation.
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31.8.2. alt_msgdma_extended_descriptor_async_transfer

Table 320. alt_msgdma_extended_descriptor_async_transfer

Prototype: int alt_msgdma_extended_descriptor_async_transfer(alt_msgdma_dev *dev,
alt_msgdma_extended_descriptor *desc)

Include: < modular_sgdma_dispatcher.h >, < altera_msgdma_csr_regs.h>,
<altera_msgdma_descriptor_regs.h>, <sys/alt_errno.h>, <sys/alt_irq.h>, <io.h>

Parameters: *dev — a pointer to mSGDMA instance.
*desc — a pointer to an extended descriptor structure

Returns: “0” for success, –ENOSPC indicates FIFO buffer is full, –EPERM indicates operation not
permitted due to descriptor type conflict, -ETIME indicates time out and skipping the looping
after 5 msec.

Description: A descriptor needs to be constructed and passing as a parameter pointer to the *desc when
calling this function. This function will call the helper function
“alt_msgdma_descriptor_async_transfer” to start a non-blocking transfer of one standard
descriptor at a time. If the FIFO buffer for a read/write is full at the time of this call, the
routine will immediately return –ENOSPC, the application can then decide how to proceed
without being blocked.-ETIME will be returned if the time spending for writing descriptor to the
dispatcher takes longer than 5 msec. You are advised to refer the helper function for details. If
a callback routine has been previously registered with this particular mSGDMA controller, the
transfer will be set up to enable interrupt generation.
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31.8.3. alt_msgdma_descriptor_async_transfer

Table 321. alt_msgdma_descriptor_async_transfer

Prototype: static int alt_msgdma_descriptor_async_transfer(alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *standard_desc, alt_msgdma_extended_descriptor
*extended_desc)

Include: < modular_sgdma_dispatcher.h >, < altera_msgdma_csr_regs.h>,
<altera_msgdma_descriptor_regs.h>, <sys/alt_errno.h>, <sys/alt_irq.h>, <io.h>

Parameters: *dev — a pointer to mSGDMA instance.
*standard_desc — Pointer to single standard descriptor.
*extended_desc — Pointer to single extended descriptor.

Returns: “0” for success, –ENOSPC indicates FIFO buffer is full, –EPERM indicates operation not
permitted due to descriptor type conflict, -ETIME indicates Time out and skipping the looping
after 5 msec.

Description: Helper functions for both “alt_msgdma_standard_descriptor_async_transfer” and
“alt_msgdma_extended_descriptor_async_transfer”.
Note: Either one of both *standard_desc and *extended_desc must be assigned with NULL,

another with proper pointer value. Failing to do so can cause the function return with "-
EPERM ".

If a callback routine has been previously registered with this particular mSGDMA controller, the
transfer will be set up to enable interrupt generation. It is the responsibility of the application
developer to check source interruption, status completion and creating suitable interrupt
handling.
Note: "stop on error" of the CSR control register is always masking within this function. The

CSR control can be set by user through calling "alt_register_callback" with user defined
control setting.
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31.8.4. alt_msgdma_standard_descriptor_sync_transfer

Table 322. alt_msgdma_standard_descriptor_sync_transfer

Prototype: int alt_msgdma_standard_descriptor_sync_transfer(alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *desc)

Include: < modular_sgdma_dispatcher.h >, < altera_msgdma_csr_regs.h>,
<altera_msgdma_descriptor_regs.h>, <sys/alt_errno.h>, <sys/alt_irq.h>, <io.h>

Parameters: *dev — a pointer to mSGDMA instance.
*desc — a pointer to a standard descriptor structure

Returns: “0” for success, “error” indicates errors or conditions causing msgdma stop issuing commands
to hosts, suggest checking the bit set in the error with CSR status register.”-EPERM” indicates
operation not permitted due to descriptor type conflict. “-ETIME” indicates Time out and
skipping the looping after 5 msec.

Description: A standard descriptor needs to be constructed and passing as a parameter pointer to *desc
when calling this function. This function will call helper function
“alt_msgdma_descriptor_sync_transfer” to start a blocking transfer of one standard descriptor
at a time. If the FIFO buffer for a read or write is full at the time of this call, the routine will
wait until a free FIFO buffer is available to continue processing or a 5 msec time out. The
function will return “error” if errors or conditions causing the dispatcher to stop issuing the
commands to both the read and write hosts before both the read and write command buffers
are empty. It is the responsibility of the application developer to check errors and completion
status.
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31.8.5. alt_msgdma_extended_descriptor_sync_transfer

Table 323. alt_msgdma_extended_descriptor_sync_transfer

Prototype: int alt_msgdma_extended_descriptor_sync_transfer(alt_msgdma_dev *dev,
alt_msgdma_extended_descriptor *desc)

Include: < modular_sgdma_dispatcher.h >, < altera_msgdma_csr_regs.h>,
<altera_msgdma_descriptor_regs.h>, <sys/alt_errno.h>, <sys/alt_irq.h>, <io.h>

Parameters: *dev — a pointer to msgdma instance.
*desc — a pointer to an extended descriptor structure

Returns: “0” for success, “error” indicates errors or conditions causing msgdma stop issuing commands
to hosts, suggest checking the bit set in the error with CSR status register.”-EPERM” indicates
operation not permitted due to descriptor type conflict. “-ETIME” indicates Time out and
skipping the looping after 5 msec.

Description: An extended descriptor needs to be constructed and passing as a parameter pointer to *desc
when calling this function. This function will call helper function
“alt_msgdma_descriptor_sync_transfer” to start-commencing a blocking transfer of one
extended descriptor at a time. If the FIFO buffer for one of read or write is full at the time of
this call, the routine will wait until free FIFO buffer available for continue processing or 5 msec
time out. The function will return “error” if errors or conditions causing the dispatcher stop
issuing the commands to both read and write hosts before both read and write command
buffers are empty. It is the responsibility of the application developer to check errors and
completion status. -ETIME will be returned if the time spending for waiting the FIFO buffer,
writing descriptor to the dispatcher and any pending transfer to complete take longer than
5msec.

31. Modular Scatter-Gather DMA Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

393

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 394 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



31.8.6. alt_msgdma_descriptor_sync_transfer

Table 324. alt_msgdma_descriptor_sync_transfer

Prototype: int alt_msgdma_descriptor_sync_transfer(alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *standard_desc, alt_msgdma_extended_descriptor
*extended_desc)

Include: < modular_sgdma_dispatcher.h >, < altera_msgdma_csr_regs.h>,
<altera_msgdma_descriptor_regs.h>, <sys/alt_errno.h>, <sys/alt_irq.h>, <io.h>

Parameters: *dev — a pointer to msgdma instance.
*standard_desc — Pointer to single standard descriptor.
*extended_desc — Pointer to single extended descriptor.

Returns: “0” for success, “error” indicates errors or conditions causing msgdma stop issuing commands
to hosts, suggest checking the bit set in the error with CSR status register.”-EPERM” indicates
operation not permitted due to descriptor type conflict. “-ETIME” indicates Time out and
skipping the looping after 5 msec.

Description: Helper functions for both “alt_msgdma_standard_descriptor_sync_transfer” and
“alt_msgdma_extended_descriptor_sync_transfer”.
Note: Either one of both *standard_desc and *extended_desc must be assigned with NULL,

another with proper pointer value. Failing to do so can cause the function return with "-
EPERM .

Note: "stop on error" of CSR control register is always being masked and the interrupt is
always disabled within this function. The CSR control can be set by user through calling
"alt_register_callback" with user defined control setting.
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31.8.7. alt_msgdma_construct_standard_st_to_mm_descriptor

Table 325. alt_msgdma_construct_standard_st_to_mm_descriptor

Prototype: int alt_msgdma_construct_standard_st_to_mm_descriptor (alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *descriptor, alt_u32 *write_address, alt_u32 length, alt_u32
control)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to a standard descriptor structure.
*write_address – a pointer to the base address of the destination memory.
length - is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.

control – control field.

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Function will call helper function “alt_msgdma_construct_standard_descriptor” for constructing
st_to_mm standard descriptors. Unnecessary elements are set to 0 for completeness and will
be ignored by the hardware.
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31.8.8. alt_msgdma_construct_standard_mm_to_st_descriptor

Table 326. alt_msgdma_construct_standard_mm_to_st_descriptor

Prototype: int alt_msgdma_construct_standard_mm_to_st_descriptor (alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *descriptor, alt_u32 *read_address, alt_u32 length, alt_u32
control)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to a standard descriptor structure.
*read_address – a pointer to the base address of the source memory.
length – is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Function will call helper function “alt_msgdma_construct_standard_descriptor” for constructing
mm_to_st standard descriptors. Unnecessary elements are set to 0 for completeness and will
be ignored by the hardware.
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31.8.9. alt_msgdma_construct_standard_mm_to_mm_descriptor

Table 327. alt_msgdma_construct_standard_mm_to_mm_descriptor

Prototype: int alt_msgdma_construct_standard_mm_to_mm_descriptor (alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *descriptor, alt_u32 *read_address, alt_u32 *write_address,
alt_u32 length, alt_u32 control)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to a standard descriptor structure.
*read_address – a pointer to the base address of the source memory.
*write_address – a pointer to the base address of the destination memory.
length – is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Function will call helper function “alt_msgdma_construct_standard_descriptor” for constructing
mm_to_mm standard descriptors. Unnecessary elements are set to 0 for completeness and will
be ignored by the hardware.
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31.8.10. alt_msgdma_construct_standard_descriptor

Table 328. alt_msgdma_construct_standard_descriptor

Prototype: static int alt_msgdma_construct_standard_descriptor (alt_msgdma_dev *dev,
alt_msgdma_standard_descriptor *descriptor, alt_u32 *read_address, alt_u32 *write_address,
alt_u32 length, alt_u32 control)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to a standard descriptor structure.
*read_address – a pointer to the base address of the source memory.
*write_address – a pointer to the base address of the destination memory.
length - is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Helper functions for constructing mm_to_st, st_to_mm, mm_to_mm standard descriptors.
Unnecessary elements are set to 0 for completeness and will be ignored by the hardware.
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31.8.11. alt_msgdma_construct_extended_st_to_mm_descriptor

Table 329. alt_msgdma_construct_extended_st_to_mm_descriptor

Prototype: int alt_msgdma_construct_extended_st_to_mm_descriptor (alt_msgdma_dev *dev,
alt_msgdma_extended_descriptor *descriptor, alt_u32 *write_address, alt_u32 length, alt_u32
control, alt_u16 sequence_number, alt_u8 write_burst_count, alt_u16 write_stride)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to an extended descriptor structure.
*write_address – a pointer to the base address of the destination memory.
length – is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.
sequence number – programmable sequence number to identify which descriptor has been
sent to the host block.
write_burst_count – programmable burst count between 1 and 128 and a power of 2. Setting
to 0 will cause the host to use the maximum burst count instead.
write_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…power of 2. Setting to 0 will cause the host to use the maximum
burst count instead.
write_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Function will call helper function “alt_msgdma_construct_extended_descriptor” for constructing
st_to_mm extended descriptors. Unnecessary elements are set to 0 for completeness and will
be ignored by the hardware.
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31.8.12. alt_msgdma_construct_extended_mm_to_st_descriptor

Table 330. alt_msgdma_construct_extended_mm_to_st_descriptor

Prototype: int alt_msgdma_construct_extended_mm_to_st_descriptor (alt_msgdma_dev *dev,
alt_msgdma_extended_descriptor *descriptor, alt_u32 *read_address, alt_u32 length, alt_u32
control, alt_u16 sequence_number, alt_u8 read_burst_count, alt_u16 read_stride)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to an extended descriptor structure.
*read_address – a pointer to the base address of the source memory.
length – is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.
sequence_number – programmable sequence number to identify which descriptor has been
sent to the host block.
read_burst_count – programmable burst count between 1 and 128 and a power of 2. Setting
to 0 will cause the host to use the maximum burst count instead.
read_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Function call helper function “alt_msgdma_construct_extended_descriptor” for constructing
mm_to_st extended descriptors. Unnecessary elements are set to 0 for completeness and will
be ignored by the hardware.
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31.8.13. alt_msgdma_construct_extended_mm_to_mm_descriptor

Table 331. alt_msgdma_construct_extended_mm_to_mm_descriptor

Prototype: int alt_msgdma_construct_extended_mm_to_mm_descriptor (alt_msgdma_dev *dev,
alt_msgdma_extended_descriptor *descriptor, alt_u32 *read_address, alt_u32 *write_address,
alt_u32 length, alt_u32 control, alt_u16 sequence_number, alt_u8 read_burst_count, alt_u8
write_burst_count, alt_u16 read_stride, alt_u16 write_stride)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to an extended descriptor structure.
*read_address – a pointer to the base address of the source memory.
*write_address – a pointer to the base address of the destination memory.
length – is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.
sequence_number – programmable sequence number to identify which descriptor has been
sent to the host block.
read_burst_count – programmable burst count between 1 and 128 and a power of 2. Setting
to 0 will cause the host to use the maximum burst count instead.
write_burst_count – programmable burst count between 1 and 128 and a power of 2. Setting
to 0 will cause the host to use the maximum burst count instead.
read_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…
write_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Function call helper function “alt_msgdma_construct_extended_descriptor” for constructing
mm_to_mm extended descriptors. Unnecessary elements are set to 0 for completeness and
will be ignored by the hardware.
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31.8.14. alt_msgdma_construct_extended_descriptor

Table 332. alt_msgdma_construct_extended_descriptor

Prototype: static int alt_msgdma_construct_descriptor (alt_msgdma_dev *dev,
alt_msgdma_extended_descriptor *descriptor, alt_u32 *read_address, alt_u32 *write_address,
alt_u32 length, alt_u32 control, alt_u16 sequence_number, alt_u8 read_burst_count, alt_u8
write_burst_count,
alt_u16 read_stride, alt_u16 write_stride)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev-a pointer to msgdma instance.
*descriptor – a pointer to an extended descriptor structure.
*read_address – a pointer to the base address of the source memory.
*write_address – a pointer to the base address of the destination memory.
length – is used to specify the number of bytes to transfer per descriptor. The largest possible
value can be filled in is “0Xffffffff”.
control – control field.
sequence_number – programmable sequence number to identify which descriptor has been
sent to the host block.
read_burst_count – programmable burst count between 1 and 128 and a power of 2. Setting
to 0 will cause the host to use the maximum burst count instead.
write_burst_count – programmable burst count between 1 and 128 and a power of 2. Setting
to 0 will cause the host to use the maximum burst count instead.
read_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…
write_stride – programmable transfer stride. The stride value determines by how many words
the host will increment the address. For fixed addresses the stride value is 0, sequential it is 1,
every other word it is 2, etc…

Returns: “0” for success, -EINVAL for invalid argument, could be due to argument which has larger
value than hardware setting value.

Description: Helper functions for constructing mm_to_st, st_to_mm, mm_to_mm extended descriptors.
Unnecessary elements are set to 0 for completeness and will be ignored by the hardware.
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31.8.15. alt_msgdma_register_callback

Table 333. alt_msgdma_register_callback

Prototype: void alt_msgdma_register_callback(alt_msgdma_dev *dev, alt_msgdma_callback callback,
alt_u32 control, void *context)

Include: < modular_sgdma_dispatcher.h >

Parameters: *dev — a pointer to msgdma instance.
callback — Pointer to callback routine to execute at interrupt level
control — Setting control register and OR with other control bits in the non_blocking and
blocking transfer function.
*context — pointer to user define context

Returns: N/A

Description: Associate a user-specific routine with the mSGDMA interrupt handler. If a callback is registered,
all non-blocking mSGDMA transfers will enable interrupts that will cause the callback to be
executed. The callback runs as part of the interrupt service routine, and great care must be
taken to follow the guidelines for acceptable interrupt service routine behavior as described in
the Nios II Software Developer's Handbook. However, user can change some of the CSR control
setting in blocking transfer by calling this function.
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31.8.16. alt_msgdma_open

Table 334. alt_msgdma_open

Prototype: alt_msgdma_dev* alt_msgdma_open (const char* name)

Include: < modular_sgdma_dispatcher.h >

Parameters: *name — Character pointer to name of msgdma peripheral as registered with the HAL. For
example, an mSGDMA in Platform Designer would be opened by asking for
“MSGDMA_0_DISPATCHER_INTERNAL".

Returns: Pointer to msgdma device instance struct, or null if the device could not be opened

Description: Retrieves a pointer to the mSGDMA instance.
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31.8.17. alt_msgdma_write_standard_descriptor

Table 335. alt_msgdma_write_standard_descriptor

Prototype: int alt_msgdma_write_standard_descriptor (alt_u32 csr_base, alt_u32 descriptor_base,
alt_msgdma_standard_descriptor *descriptor)

Include: < modular_sgdma_dispatcher.h >, <altera_msgdma_descriptor_regs.h>

Parameters: csr_base – base address of the dispatcher CSR agent port.
descriptor_base – base address of the dispatcher descriptor agent port.
*descriptor – a pointer to a standard descriptor structure.

Returns: Returns 0 upon success. Other return codes are defined in "alt_errno.h".

Description: Sends a fully formed standard descriptor to the dispatcher module. If the dispatcher descriptor
buffer is full, “-ENOSPC” is returned. This function is not reentrant since it must complete
writing the entire descriptor to the dispatcher module and cannot be pre-empted.
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31.8.18. alt_msgdma_write_extended_descriptor

Table 336. alt_msgdma_write_extended_descriptor

Prototype: int alt_msgdma_write_extended_descriptor (alt_u32 csr_base, alt_u32 descriptor_base,
alt_msgdma_extended_descriptor *descriptor)

Include: < modular_sgdma_dispatcher.h >, <altera_msgdma_descriptor_regs.h>

Parameters: csr_base – base address of the dispatcher CSR agent port.
descriptor_base – base address of the dispatcher descriptor agent port.
*descriptor – a pointer to an extended descriptor structure.

Returns: Returns 0 upon success. Other return codes are defined in "alt_errno.h".

Description: Sends a fully formed extended descriptor to the dispatcher module. If the dispatcher descriptor
buffer is full an error is returned. This function is not reentrant since it must complete writing
the entire descriptor to the dispatcher module and cannot be pre-empted.
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31.8.19. alt_msgdma_init

Table 337. alt_msgdma_init

Prototype: void alt_msgdma_init (alt_msgdma_dev *dev, alt_u32 ic_id, alt_u32 irq)

Include: < modular_sgdma_dispatcher.h >, <altera_msgdma_descriptor_regs.h>,
<altera_msgdma_csr_regs.h>

Parameters: *dev – a pointer to mSGDMA instance.
ic_id – id of irq interrupt controller
irq – irq number that belonged to mSGDMA instance

Returns: N/A

Description: Initializes the mSGDMA controller. This routine is called from the
ALTERA_AVALON_MSGDMA_INIT macro and is called automatically by "alt_sys_init.c".

31.8.20. alt_msgdma_irq

Table 338. alt_msgdma_irq

Prototype: void alt_msgdma_irq(void *context)

Include: < modular_sgdma_dispatcher.h >, <sys/alt_irq.h>, <altera_msgdma_csr_regs.h>

Parameters: *context – a pointer to mSGDMA instance.

Returns: N/A

Description: Interrupt handler for mSGDMA. This function will call the user defined interrupt handler if user
registers their own interrupt handler with calling “alt_register_callback”.

31.9. Example Code Using mSGDMA Core

Refer to the mSGDMA design example that showcases the use of mSGDMA core to
transfer memory content from one location to another.
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31.10. Modular Scatter-Gather DMA Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2020.09.21 20.2 Corrected link to the mSGDMA design example.

2019.04.01 19.1 • Updated the design example information in section: Example Code
Using mSGDMA Core.

• Added support for write response:
— Added parameter: Enable Write Response.
— Added descriptor bit: Wait for write responses.

2018.09.24 18.1 Added a new section Example Code Using mSGDMA Core.

2018.05.07 18.0 • Added a new parameter No Byteenables During Writes in the Table:
Component Parameters.

• Corrected information in section Register Map of mSGDMA.
• Added register details for the following:

— Write Fill Level
— Read Fill Level
— Response Fill Level
— Write Sequence Number
— Read Sequence Number
— Component Configuration 1
— Component Configuration 2
— Component Version Register
— Component Type Register

Date Version Changes

May 2017 2017.05.08 Status Register on page 369 : Bit 9 description updated

May 2016 2016.05.03 Updated tables:
• Component Parameters

December 2015 2015.12.16 Added "alt_msgdma_irq" section.

November 2015 2015.11.06 Updated sections:
• Response Port
• Component Parameters
Sections added:
• Programming Model

— Stop DMA Operation
— Stop Descriptor Operation
— Recovery from Stopped on Error and Stopped on Early Termination

• Modular Scatter-Gather DMA Prefetcher Core
• Driver Implementation
Section removed:
• Unsupported Feature

July 2014 2014.07.24 Initial release
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32. Scatter-Gather DMA Controller Core
Intel recommends to use Modular Scatter-Gather DMA Core for your new designs.

32.1. Core Overview

The Scatter-Gather Direct Memory Access (SG-DMA) controller core implements high-
speed data transfer between two components. You can use the SG-DMA controller
core to transfer data from:

• Memory to memory

• Data stream to memory

• Memory to data stream

The SG-DMA controller core transfers and merges non-contiguous memory to a
continuous address space, and vice versa. The core reads a series of descriptors that
specify the data to be transferred.

For applications requiring more than one DMA channel, multiple instantiations of the
core can provide the required throughput. Each SG-DMA controller has its own series
of descriptors specifying the data transfers. A single software module controls all of
the DMA channels.

For the Nios II processor, device drivers are provided in the Hardware Abstraction
Layer (HAL) system library, allowing software to access the core using the provided
driver.

32.1.1. Example Systems

The block diagram below shows a SG-DMA controller core for the DMA subsystem of a
printed circuit board. The SG-DMA core in the FPGA reads streaming data from an
internal streaming component and writes data to an external memory. A Nios II
processor provides overall system control.
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Figure 110. SG-DMA Controller Core with Streaming Peripheral and External Memory
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The figure below shows a different use of the SG-DMA controller core, where the core
transfers data between an internal and external memory. The host processor and
memory are connected to a system bus, typically either a PCI Express or Serial
RapidIO™.

Figure 111. SG-DMA Controller Core with Internal and External Memory

Process or
Bus

 
    

S

Host  Process or

Internal
Memo ry

M M

Sys tem  Interconnec t Fa bric

S

Rd

M

Des criptor
Proces sor

Block

Rd

M

DMA Read/
Write
Block

Wr

M

Wr

M

Con trol 
&

Stat us   
Reg iste rs

Scatter Gather DMA Controlle r Core

Avalon-MM Bridge

M S

IOB

Main Memo ry

Desc riptor
Table

S Avalon-MM Agent Por t

M Avalon-MM Hos t Port

IOB IO Breakout

Intel FPGA

Platform Designer

32. Scatter-Gather DMA Controller Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

410

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 411 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



32.1.2. Comparison of SG-DMA Controller Core and DMA Controller Core

The SG-DMA controller core provides a significant performance enhancement over the
previously available DMA controller core, which could only queue one transfer at a
time. Using the DMA Controller core, a CPU had to wait for the transfer to complete
before writing a new descriptor to the DMA agent port. Transfers to non-contiguous
memory could not be linked; consequently, the CPU overhead was substantial for
small transfers, degrading overall system performance. In contrast, the SG-DMA
controller core reads a series of descriptors from memory that describe the required
transactions and performs all of the transfers without additional intervention from the
CPU.

32.2. Resource Usage and Performance

Resource utilization for the core is 600–1400 logic elements, depending upon the
width of the datapath, the parameterization of the core, the device family, and the
type of data transfer. The table below provides the estimated resource usage for a SG-
DMA controller core used for memory to memory transfer. The core is configurable and
the resource utilization varies with the configuration specified.

Table 339. SG-DMA Estimated Resource Usage

Datapath Cyclone II Stratix>
(LEs)

Stratix II
(ALUTs)

8-bit datapath 850 650 600

32-bit datapath 1100 850 700

64-bit datapath 1250 1250 800

The core operating frequency varies with the device and the size of the datapath. The
table below provides an example of expected performance for SG-DMA cores
instantiated in several different device families.

Table 340. SG-DMA Peak Performance

Device Datapath fMAX Throughput

Cyclone II 64 bits 150 MHz 9.6 Gbps

Cyclone III 64 bits 160 MHz 10.2 Gbps

Stratix II/Stratix II GX 64 bits 250 MHz 16.0 Gbps

Stratix III 64 bits 300 MHz 19.2 Gbps

32.3. Functional Description

The SG-DMA controller core comprises three major blocks: descriptor processor, DMA
read, and DMA write. These blocks are combined to create three different
configurations:
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• Memory to memory

• Memory to stream

• Stream to memory

The type of devices you are transferring data to and from determines the
configuration to implement. Examples of memory-mapped devices are PCI, PCIe
and most memory devices. The Triple Speed Ethernet MAC, DSP IP core and many
video IPs are examples of streaming devices. A recompilation is necessary each
time you change the configuration of the SG-DMA controller core.

32.3.1. Functional Blocks and Configurations

The following sections describe each functional block and configuration.

Descriptor Processor

The descriptor processor reads descriptors from the descriptor list via its Avalon
Memory-Mapped (MM) read host port and pushes commands into the command FIFOs
of the DMA read and write blocks. Each command includes the following fields to
specify a transfer:

• Source address

• Destination address

• Number of bytes to transfer

• Increment read address after each transfer

• Increment write address after each transfer

• Generate start of packet (SOP) and end of packet (EOP)

After each command is processed by the DMA read or write block, a status token
containing information about the transfer such as the number of bytes actually
written is returned to the descriptor processor, where it is written to the respective
fields in the descriptor.

DMA Read Block

The DMA read block is used in memory-to-memory and memory-to-stream
configurations. The block performs the following operations:

• Reads commands from the input command FIFO.

• Reads a block of memory via the Avalon-MM read host port for each command.

• Pushes data into the data FIFO.

If burst transfer is enabled, an internal read FIFO with a depth of twice the
maximum read burst size is instantiated. The DMA read block initiates burst reads
only when the read FIFO has sufficient space to buffer the complete burst.

DMA Write Block

The DMA write block is used in memory-to-memory and stream-to-memory
configurations. The block reads commands from its input command FIFO. For each
command, the DMA write block reads data from its Avalon-ST sink port and writes it to
the Avalon-MM host port.
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If burst transfer is enabled, an internal write FIFO with a depth of twice the maximum
write burst size is instantiated. Each burst write transfers a fixed amount of data
equals to the write burst size, except for the last burst. In the last burst, the
remaining data is transferred even if the amount of data is less than the write burst
size.

Memory-to-Memory Configuration

Memory-to-memory configurations include all three blocks: descriptor processor, DMA
read, and DMA write. An internal FIFO is also included to provide buffering and flow
control for data transferred between the DMA read and write blocks.

The example below illustrates one possible memory-to-memory configuration with an
internal Nios II processor and descriptor list.

Figure 112. Example of Memory-to-Memory Configuration
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Memory-to-Stream Configuration

Memory-to-stream configurations include the descriptor processor and DMA read
blocks.

In this example, the Nios II processor and descriptor table are in the FPGA. Data from
an external DDR2 SDRAM is read by the SG-DMA controller and written to an on-chip
streaming peripheral.
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Figure 113. Example of Memory-to-Stream Configuration
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Stream-to-Memory Configuration

Stream-to-memory configurations include the descriptor processor and DMA write
blocks. This configuration is similar to the memory-to-stream configuration as the
figure below illustrates.

Figure 114. Example of Stream-to-Memory Configuration
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32.3.2. DMA Descriptors

DMA descriptors specify data transfers to be performed. The SG-DMA core uses a
dedicated interface to read and write the descriptors. These descriptors, which are
stored as a linked list, can be stored on an on-chip or off-chip memory and can be
arbitrarily long.

Storing the descriptor list in an external memory frees up resources in the FPGA;
however, an external descriptor list increases the overhead involved when the
descriptor processor reads and updates the list. The SG-DMA core has an internal FIFO
to store descriptors read from memory, which allows the core to perform descriptor
read, execute, and write back operations in parallel, hiding the descriptor access and
processing overhead.

The descriptors must be initialized and aligned on a 32-bit boundary. The last
descriptor in the list must have its OWNED_BY_HW bit set to 0 because the core relies
on a cleared OWNED_BY_HW bit to stop processing.

See the DMA Descriptors section for the structure of the DMA descriptor.
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Descriptor Processing

The following steps describe how the DMA descriptors are processed:

1. Software builds the descriptor linked list. See the Building and Updating
Descriptors List section for more information on how to build and update the
descriptor linked list.

2. Software writes the address of the first descriptor to the
next_descriptor_pointer register and initiates the transfer by setting the
RUN bit in the control register to 1. See the Software Programming Model
section for more information on the registers.

On the next clock cycle following the assertion of the RUN bit, the core sets the
BUSY bit in the status register to 1 to indicate that descriptor processing is
executing.

3. The descriptor processor block reads the address of the first descriptor from the
next_descriptor_pointer register and pushes the retrieved descriptor into
the command FIFO, which feeds commands to both the DMA read and write
blocks. As soon as the first descriptor is read, the block reads the next descriptor
and pushes it into the command FIFO. One descriptor is always read in advance
thus maximizing throughput.

4. The core performs the data transfer.

• In memory-to-memory configurations, the DMA read block receives the source
address from its command FIFO and starts reading data to fill the FIFO on its
stream port until the specified number of bytes are transferred. The DMA read
block pauses when the FIFO is full until the FIFO has enough space to accept
more data.

The DMA write block gets the destination address from its command FIFO and
starts writing until the specified number of bytes are transferred. If the data
FIFO ever empties, the write block pauses until the FIFO has more data to
write.

• In memory-to-stream configurations, the DMA read block reads from the
source address and transfers the data to the core’s streaming port until the
specified number of bytes are transferred or the end of packet is reached. The
block uses the end-of-packet indicator for transfers with an unknown transfer
size. For data transfers without using the end-of-packet indicator, the transfer
size must be a multiple of the data width. Otherwise, the block requires extra
logic and may impact the system performance.

• In stream-to-memory configurations, the DMA write block reads from the
core’s streaming port and writes to the destination address. The block
continues reading until the specified number of bytes are transferred.

5. The descriptor processor block receives a status from the DMA read or write block
and updates the DESC_CONTROL, DESC_STATUS, and
ACTUAL_BYTES_TRANSFERRED fields in the descriptor. The OWNED_BY_HW bit in
the DESC_CONTROL field is cleared unless the PARK bit is set to 1.

Once the core starts processing the descriptors, software must not update
descriptors with OWNED_BY_HW bit set to 1. It is only safe for software to update a
descriptor when its OWNED_BY_HW bit is cleared.
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The SG-DMA core continues processing the descriptors until an error condition
occurs and the STOP_DMA_ER bit is set to 1, or a descriptor with a cleared
OWNED_BY_HW bit is encountered.

Building and Updating Descriptor List

Intel recommends the following method of building and updating the descriptor list:

1. Build the descriptor list and terminate the list with a non-hardware owned
descriptor (OWNED_BY_HW = 0). The list can be arbitrarily long.

2. Set the interrupt IE_CHAIN_COMPLETED.

3. Write the address of the first descriptor in the first list to the
next_descriptor_pointer register and set the RUN bit to 1 to initiate
transfers.

4. While the core is processing the first list, build a second list of descriptors.

5. When the SGDMS controller core finishes processing the first list, an interrupt is
generated. Update the next_descriptor_pointer register with the address of
the first descriptor in the second list. Clear the RUN bit and the status register.
Set the RUN bit back to 1 to resume transfers.

6. If there are new descriptors to add, always add them to the list which the core is
not processing. For example, if the core is processing the first list, add new
descriptors to the second list and so forth.

This method ensures that the descriptors are not updated when the core is
processing them. Because the method requires a response to the interrupt, a
high-latency interrupt may cause a problem in systems where stalling data
movement is not possible.

32.3.3. Error Conditions

The SG-DMA core has a configurable error width. Error signals are connected directly
to the Avalon-ST source or sink to which the SG-DMA core is connected.
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The list below describes how the error signals in the SG-DMA core are implemented in
the following configurations:

• Memory-to-memory configuration

No error signals are generated. The error field in the register and descriptor is
hardcoded to 0.

• Memory-to-stream configuration

If you specified the usage of error bits in the core, the error bits are generated in
the Avalon-ST source interface. These error bits are hardcoded to 0 and generated
in compliance with the Avalon-ST agent interfaces.

• Stream-to-memory configuration

If you specified the usage of error bits in the core, error bits are generated in the
Avalon-ST sink interface. These error bits are passed from the Avalon-ST sink
interface and stored in the registers and descriptor.

The table below lists the error signals when the core is operating in the memory-
to-stream configuration and connected to the transmit FIFO interface of the Intel
FPGA Triple-Speed Ethernet IP core.

Table 341. Avalon-ST Transmit Error Types

Signal Type Description

TSE_transmit_error[0] Transmit Frame Error. Asserted to indicate that the
transmitted frame should be viewed as invalid by the
Ethernet MAC. The frame is then transferred onto the GMII
interface with an error code during the frame transfer.

The table below lists the error signals when the core is operating in the stream-to-
memory configuration and connected to the transmit FIFO interface of the Triple-
Speed Ethernet IP Core.

Table 342. Avalon-ST Receive Error Types

Signal Type Description

TSE_receive_error[0] Receive Frame Error. This signal indicates that an error has
occurred. It is the logical OR of receive errors 1 through 5.

TSE_receive_error[1] Invalid Length Error. Asserted when the received frame has
an invalid length as defined by the IEEE 802.3 standard.

TSE_receive_error[2] CRC Error. Asserted when the frame has been received with
a CRC-32 error.

TSE_receive_error[3] Receive Frame Truncated. Asserted when the received frame
has been truncated due to receive FIFO overflow.

TSE_receive_error[4] Received Frame corrupted due to PHY error. (The PHY has
asserted an error on the receive GMII interface.)

TSE_receive_error[5] Collision Error. Asserted when the frame was received with a
collision.

Each streaming core has a different set of error codes. Refer to the respective user
guides for the codes.
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32.4. Parameters

Table 343. Configurable Parameters

Parameter Legal Values Description

Transfer mode Memory To Memory
Memory To Stream
Stream To Memory

Configuration to use. For more information about these
configurations, see the Memory-to-Memory Configuration
section.

Enable bursting on
descriptor read host

On/Off If this option is on, the descriptor processor block uses Avalon-MM
bursting when fetching descriptors and writing them back in memory.
With 32-bit read and write ports, the descriptor processor block can
fetch the 256-bit descriptor by performing 8-word burst as opposed
to eight individual single-word transactions.

Allow unaligned
transfers

On/Off If this option is on, the core allows accesses to non-word-aligned
addresses. This option doesn’t apply for burst transfers.
Unaligned transfers require extra logic that may negatively impact
system performance.

Enable burst transfers On/Off Turning on this option enables burst reads and writes.

Read burstcount signal
width

1–16 The width of the read burstcount signal. This value determines the
maximum burst read size.

Write burstcount signal
width

1–16 The width of the write burstcount signal. This value determines the
maximum burst write size.

Data width 8, 16, 32, 64 The data width in bits for the Avalon-MM read and write ports.

Source error width 0–7 The width of the error signal for the Avalon-ST source port.

Sink error width 0 – 7 The width of the error signal for the Avalon-ST sink port.

Data transfer FIFO
depth

2, 4, 8, 16, 32, 64 The depth of the internal data FIFO in memory-to-memory
configurations with burst transfers disabled.

The SG-DMA controller core should be given a higher priority (lower IRQ value) than
most of the components in a system to ensure high throughput.

32.5. Simulation Considerations

Signals for hardware simulation are automatically generated as part of the Nios II
simulation process available in the Nios II IDE.

32.6. Software Programming Model

The following sections describe the software programming model for the SG-DMA
controller core.

32.6.1. HAL System Library Support

The Intel-provided driver implements a HAL device driver that integrates into the HAL
system library for Nios II systems. HAL users should access the SG-DMA controller
core via the familiar HAL API and the ANSI C standard library.
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32.6.2. Software Files

The SG-DMA controller core provides the following software files. These files provide
low-level access to the hardware and drivers that integrate into the Nios II HAL
system library. Application developers should not modify these files.

• altera_avalon_sgdma_regs.h—defines the core's register map, providing
symbolic constants to access the low-level hardware

• altera_avalon_sgdma.h—provides definitions for the Intel FPGA Avalon SG-
DMA buffer control and status flags.

• altera_avalon_sgdma.c—provides function definitions for the code that
implements the SG-DMA controller core.

• altera_avalon_sgdma_descriptor.h—defines the core's descriptor, providing
symbolic constants to access the low-level hardware.

32.6.3. Register Maps

The SG-DMA controller core has three registers accessible from its Avalon-MM
interface; status, control and next_descriptor_pointer. Software can
configure the core and determines its current status by accessing the registers.

The control/status register has a 32-bit interface without byte-enable logic, and
therefore cannot be properly accessed by a host with narrower data width than itself.
To ensure correct operation of the core, always access the register with a host that is
at least 32 bits wide.

Table 344. Register Map

32-bit Word
Offset (Byte

Offset)

Register Name Reset
Value

Description

base + 0
(0x0)

status 0 This register indicates the core’s current status such as what
caused the last interrupt and if the core is still processing
descriptors. See the status Register Map table for the
status register map.

base + 1
(0x4)

version 1 Indicate the hardware version number. Only being used by
software driver for software backward compatibility purpose.

base + 4
(0x10)

control 0 This register specifies the core’s behavior such as what triggers
an interrupt and when the core is started and stopped. The
host processor can configure the core by setting the register
bits accordingly. See the Control Register Bit Map table for
the control register map.

base + 8
(0x20)

next_descriptor_pointer 0 This register contains the address of the next descriptor to
process. Set this register to the address of the first descriptor
as part of the system initialization sequence.
Intel recommends that user applications clear the RUN bit in
the control register and wait until the BUSY bit of the
status register is set to 0 before reading this register.
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Table 345. Control Register Bit Map

Bit Bit Name Access Description

0 IE_ERROR R/W When this bit is set to 1, the core generates an interrupt if an
Avalon-ST error occurs during descriptor processing. (1)

1 IE_EOP_ENCOUNTERED R/W When this bit is set to 1, the core generates an interrupt if an EOP is
encountered during descriptor processing. (1)

2 IE_DESCRIPTOR_COMPLETED R/W When this bit is set to 1, the core generates an interrupt after each
descriptor is processed. (1)

3 IE_CHAIN_COMPLETED R/W When this bit is set to 1, the core generates an interrupt after the
last descriptor in the list is processed, that is when the core
encounters a descriptor with a cleared OWNED_BY_HW bit. (1)

4 IE_GLOBAL R/W When this bit is set to 1, the core is enabled to generate interrupts.

5 RUN R/W Set this bit to 1 to start the descriptor processor block which
subsequently initiates DMA transactions. Prior to setting this bit to
1, ensure that the register next_descriptor_pointer is updated
with the address of the first descriptor to process. The core
continues to process descriptors in its queue as long as this bit is 1.
Clear this bit to stop the core from processing the next descriptor in
its queue. If this bit is cleared in the middle of processing a
descriptor, the core completes the processing before stopping. The
host processor can then modify the remaining descriptors and
restart the core.

6 STOP_DMA_ER R/W Set this bit to 1 to stop the core when an Avalon-ST error is
encountered during a DMA transaction. This bit applies only to
stream-to-memory configurations.

7 IE_MAX_DESC_PROCESSED R/W Set this bit to 1 to generate an interrupt after the number of
descriptors specified by MAX_DESC_PROCESSED are processed.

8 .. 15 MAX_DESC_PROCESSED R/W Specifies the number of descriptors to process before the core
generates an interrupt.

16 SW_RESET R/W Software can reset the core by writing to this bit twice. Upon the
second write, the core is reset. The logic which sequences the
software reset process then resets itself automatically.
Executing a software reset when a DMA transfer is active may result
in permanent bus lockup until the next system reset. Hence, Intel
recommends that you use the software reset as your last resort.

17 PARK R/W Setting this bit to 0 causes the SG-DMA controller core to clear the
OWNED_BY_HW bit in the descriptor after each descriptor is
processed. If the PARK bit is set to 1, the core does not clear the
OWNED_BY_HW bit, thus allowing the same descriptor to be
processed repeatedly without software intervention. You also need
to set the last descriptor in the list to point to the first one.

18 DESC_POLL_EN R/W Set this bit to 1 to enable polling mode. When you set this bit to 1,
the core continues to poll for the next descriptor until the
OWNED_BY_HW bit is set. The core also updates the descriptor
pointer to point to the current descriptor.

19 Reserved

20..30 TIMEOUT_COUNTER RW Specifies the number of clocks to wait before polling again. The valid
range is 1 to 255. The core also updates the next_desc_ptr field
so that it points to the next descriptor to read.

31 CLEAR_INTERRUPT R/W Set this bit to 1 to clear pending interrupts.

Note :
1. All interrupts are generated only after the descriptor is updated.
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Intel recommends that you read the status register only after the RUN bit in the
control register is cleared.

Table 346. Status Register Bit Map

Bit Bit Name Access Description

0 ERROR R/C (1) (2) A value of 1 indicates that an Avalon-ST error was encountered
during a transfer.

1 EOP_ENCOUNTERED R/C A value of 1 indicates that the transfer was terminated by an
end-of-packet (EOP) signal generated on the Avalon-ST source
interface. This condition is only possible in stream-to-memory
configurations.

2 DESCRIPTOR_COMPLETED R/C (1) (2) A value of 1 indicates that a descriptor was processed to
completion.

3 CHAIN_COMPLETED R/C (1) (2) A value of 1 indicates that the core has completed processing
the descriptor chain.

4 BUSY R (3) A value of 1 indicates that descriptors are being processed.
This bit is set to 1 on the next clock cycle after the RUN bit is
asserted and does not get cleared until one of the following
event occurs:
• After the processing of the descriptor completes and the RUN

bit is cleared.
• When an error condition occurs, the STOP_DMA_ER bit is set

to 1 and the processing of the current descriptor completes.

5 .. 31 Reserved

Note :
1. This bit must be cleared after a read is performed. Write one to clear this bit.
2. This bit is updated by hardware after each DMA transfer completes. It remains set until software writes one to clear.
3. This bit is continuously updated by the hardware.

32.6.4. DMA Descriptors

See the Data Structure section for the structure definition.

Table 347. DMA Descriptor Structure

Byte Offset Field Names

31  24 23 16 15  8 7 0

base source

base + 4 Reserved

base + 8 destination

base + 12 Reserved

base + 16 next_desc_ptr

base + 20 Reserved

base + 24 Reserved bytes_to_transfer

base + 28 desc_control desc_status actual_bytes_transferred
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Table 348. DMA Descriptor Field Description

Field Name Access Description

source R/W Specifies the address of data to be read. This address is set to 0 if the
input interface is an Avalon-ST interface.

destination R/W Specifies the address to which data should be written. This address is set
to 0 if the output interface is an Avalon-ST interface.

next_desc_ptr R/W Specifies the address of the next descriptor in the linked list.

bytes_to_transfer R/W Specifies the number of bytes to transfer. If this field is 0, the SG-DMA
controller core continues transferring data until it encounters an EOP.

actual_bytes_transferred R Specifies the number of bytes that are successfully transferred by the
core. This field is updated after the core processes a descriptor.

desc_status R/W This field is updated after the core processes a descriptor. See
DESC_STATUS Bit Map for the bit map of this field.

desc_control R/W Specifies the behavior of the core. This field is updated after the core
processes a descriptor. See the DESC_CONTROL Bit Map table for
descriptions of each bit.

Table 349. DESC_CONTROL Bit Map

Bit (s) Field Name Access Description

0 GENERATE_EOP W When this bit is set to 1,the DMA read block asserts the EOP signal on
the final word.

1 READ_FIXED_ADDRESS R/W This bit applies only to Avalon-MM read host ports. When this bit is
set to 1, the DMA read block does not increment the memory
address. When this bit is set to 0, the read address increments after
each read.

2 WRITE_FIXED_ADDRESS R/W This bit applies only to Avalon-MM write host ports. When this bit is
set to 1, the DMA write block does not increment the memory
address. When this bit is set to 0, the write address increments after
each write.
In memory-to-stream configurations, the DMA read block generates a
start-of-packet (SOP) on the first word when this bit is set to 1.

[6:3] Reserved — —

3 .. 6 AVALON-ST_CHANNEL_NUMBER R/W The DMA read block sets the channel signal to this value for each
word in the transaction. The DMA write block replaces this value with
the channel number on its sink port.

7 OWNED_BY_HW R/W This bit determines whether hardware or software has write access to
the current register.
When this bit is set to 1, the core can update the descriptor and
software should not access the descriptor due to the possibility of
race conditions. Otherwise, it is safe for software to update the
descriptor.

After completing a DMA transaction, the descriptor processor block updates the
desc_status field to indicate how the transaction proceeded.

Table 350. DESC_STATUS Bit Map

Bit Bit Name Access Description

[7:0] ERROR_0 .. ERROR_7 R Each bit represents an error that occurred on the Avalon-ST interface.
The context of each error is defined by the component connected to the
Avalon-ST interface.
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32.6.5. Timeouts

The SG-DMA controller does not implement internal counters to detect stalls. Software
can instantiate a timer component if this functionality is required.

32.7. Programming with SG-DMA Controller

This section describes the device and descriptor data structures, and the application
programming interface (API) for the SG-DMA controller core.

32.7.1. Data Structure

Table 351. Device Data Structure

typedef struct alt_sgdma_dev
{
alt_llist llist; // Device linked-list entry
const char *name; // Name of SGDMA in SOPC System
void *base; // Base address of SGDMA
alt_u32 *descriptor_base; // reserved
alt_u32 next_index; // reserved
alt_u32 num_descriptors; // reserved
alt_sgdma_descriptor *current_descriptor; // reserved
alt_sgdma_descriptor *next_descriptor; // reserved
alt_avalon_sgdma_callback callback; // Callback routine pointer
void *callback_context; // Callback context pointer
alt_u32 chain_control; // Value OR'd into control reg
} alt_sgdma_dev;

Table 352. Descriptor Data Structure

typedef struct {
alt_u32 *read_addr;
alt_u32 read_addr_pad;
alt_u32 *write_addr;
alt_u32 write_addr_pad;
alt_u32 *next;
alt_u32 next_pad;
alt_u16 bytes_to_transfer;
alt_u8 read_burst; /* Reserved field. Set to 0. */
alt_u8 write_burst;/* Reserved field. Set to 0. */
alt_u16 actual_bytes_transferred;
alt_u8 status;
alt_u8 control;
} alt_avalon_sgdma_packed alt_sgdma_descriptor;
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32.7.2. SG-DMA API

Table 353. Function List

Name Description

alt_avalon_sgdma_do_async_transfer() Starts a non-blocking transfer of a descriptor chain.

alt_avalon_sgdma_do_sync_transfer() Starts a blocking transfer of a descriptor chain. This function
blocks both before transfer if the controller is busy and until
the requested transfer has completed.

alt_avalon_sgdma_construct_mem_to__mem_desc() Constructs a single SG-DMA descriptor in the specified
memory for an Avalon-MM to Avalon-MM transfer.

alt_avalon_sgdma_construct_stream_to_mem_desc(
)

Constructs a single SG-DMA descriptor in the specified
memory for an Avalon-ST to Avalon-MM transfer. The
function automatically terminates the descriptor chain with
a NULL descriptor.

alt_avalon_sgdma_construct_mem_to_stream_desc(
)

Constructs a single SG-DMA descriptor in the specified
memory for an Avalon-MM to Avalon-ST transfer.

alt_avalon_sgdma_enable_desc_poll() Enables descriptor polling mode. To use this feature, you
need to make sure that the hardware supports polling.

alt_avalon_sgdma_disable_desc_poll() Disables descriptor polling mode.

alt_avalon_sgdma_check_descriptor_status() Reads the status of a given descriptor.

alt_avalon_sgdma_register_callback() Associates a user-specific callback routine with the SG-DMA
interrupt handler.

alt_avalon_sgdma_start() Starts the DMA engine. This is not required when
alt_avalon_sgdma_do_async_transfer()and
alt_avalon_sgdma_do_sync_transfer() are used.

alt_avalon_sgdma_stop() Stops the DMA engine. This is not required when
alt_avalon_sgdma_do_async_transfer()and
alt_avalon_sgdma_do_sync_transfer() are used.

alt_avalon_sgdma_open() Returns a pointer to the SG-DMA controller with the given
name.

32.7.3. alt_avalon_sgdma_do_async_transfer()

Prototype: int alt_avalon_do_async_transfer(alt_sgdma_dev *dev, alt_sgdma_descriptor *desc)

Thread-safe: No.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *dev—a pointer to an SG-DMA device structure.
*desc—a pointer to a single, constructed descriptor. The descriptor must have its “next” descriptor field
initialized either to a non-ready descriptor, or to the next descriptor in the chain.

Returns: Returns 0 success. Other return codes are defined in errno.h.

Description: Set up and begin a non-blocking transfer of one or more descriptors or a descriptor chain. If the SG-
DMA controller is busy at the time of this call, the routine immediately returns EBUSY; the application
can then decide how to proceed without being blocked. If a callback routine has been previously
registered with this particular SG-DMA controller, the transfer is set up to issue an interrupt on error,
EOP, or chain completion. Otherwise, no interrupt is registered and the application developer must
check for and handle errors and completion. The run bit is cleared before the beginning of the transfer
and is set to 1 to restart a new descriptor chain.
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32.7.4. alt_avalon_sgdma_do_sync_transfer()

Prototype: alt_u8 alt_avalon_sgdma_do_sync_transfer(alt_sgdma_dev *dev, alt_sgdma_descriptor *desc)

Thread-safe: No.

Available from ISR: Not recommended.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *dev—a pointer to an SG-DMA device structure.
*desc—a pointer to a single, constructed descriptor. The descriptor must have its “next” descriptor field
initialized either to a non-ready descriptor, or to the next descriptor in the chain.

Returns: Returns the contents of the status register.

Description: Sends a fully formed descriptor or list of descriptors to the SG-DMA controller for transfer. This function
blocks both before transfer, if the SG-DMA controller is busy, and until the requested transfer has
completed. If an error is detected during the transfer, it is abandoned and the controller’s status register
contents are returned to the caller. Additional error information is available in the status bits of each
descriptor that the SG-DMA processed. The user application searches through the descriptor or list of
descriptors to gather specific error information. The run bit is cleared before the beginning of the
transfer and is set to 1 to restart a new descriptor chain.

32.7.5. alt_avalon_sgdma_construct_mem_to_mem_desc()

Prototype: void alt_avalon_sgdma_construct_mem_to_mem_desc(alt_sgdma_descriptor *desc,
alt_sgdma_descriptor *next, alt_u32 *read_addr, alt_u32 *write_addr, alt_u16 length, int read_fixed,
int write_fixed)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *desc—a pointer to the descriptor being constructed.
*next—a pointer to the “next” descriptor. This does not need to be a complete or functional descriptor,
but must be properly allocated.
*read_addr—the first read address for the SG-DMA transfer.
*write_addr—the first write address for the SG-DMA transfer.
length—the number of bytes for the transfer.
read_fixed—if non-zero, the SG-DMA reads from a fixed address.
write_fixed—if non-zero, the SG-DMA writes to a fixed address.

Returns: void

Description: This function constructs a single SG-DMA descriptor in the memory specified in
alt_avalon_sgdma_descriptor *desc for an Avalon-MM to Avalon-MM transfer. The function sets
the OWNED_BY_HW bit in the descriptor's control field, marking the completed descriptor as ready to
run. The descriptor is processed when the SG-DMA controller receives the descriptor and the RUN bit is
1.
The next field of the descriptor being constructed is set to the address in *next. The OWNED_BY_HW
bit of the descriptor at *next is explicitly cleared. Once the SG-DMA completes processing of the *desc,
it does not process the descriptor at *next until its OWNED_BY_HW bit is set. To create a descriptor
chain, you can repeatedly call this function using the previous call's *next pointer in the *desc
parameter.
You must properly allocate memory for the creation of both the descriptor under construction as well as
the next descriptor in the chain.
Descriptors must be in a memory device hosted by the SG-DMA controller’s chain read and chain write
Avalon host ports. Care must be taken to ensure that both *desc and *next point to areas of memory
hosted by the controller.
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32.7.6. alt_avalon_sgdma_construct_stream_to_mem_desc()

Prototype: void alt_avalon_sgdma_construct_stream_to_mem_desc(alt_sgdma_descriptor *desc,
alt_sgdma_descriptor *next, alt_u32 *write_addr, alt_u16 length_or_eop, int write_fixed)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *desc—a pointer to the descriptor being constructed.
*next—a pointer to the “next” descriptor. This does not need to be a complete or functional descriptor,
but must be properly allocated.
*write_addr—the first write address for the SG-DMA transfer.
length_or_eop—the number of bytes for the transfer. If set to zero (0x0), the transfer continues until an
EOP signal is received from the Avalon-ST interface.
write_fixed—if non-zero, the SG-DMA will write to a fixed address.

Returns: void

Description: This function constructs a single SG-DMA descriptor in the memory specified in
alt_avalon_sgdma_descriptor *desc for an Avalon-ST to Avalon-MM transfer. The source (read)
data for the transfer comes from the Avalon-ST interface connected to the SG-DMA controller's
streaming read port.
The function sets the OWNED_BY_HW bit in the descriptor's control field, marking the completed
descriptor as ready to run. The descriptor is processed when the SG-DMA controller receives the
descriptor and the RUN bit is 1.
The next field of the descriptor being constructed is set to the address in *next. The OWNED_BY_HW bit
of the descriptor at *next is explicitly cleared. Once the SG-DMA completes processing of the *desc, it
does not process the descriptor at *next until its OWNED_BY_HW bit is set. To create a descriptor chain,
you can repeatedly call this function using the previous call's *next pointer in the *desc parameter.
You must properly allocate memory for the creation of both the descriptor under construction as well as
the next descriptor in the chain.
Descriptors must be in a memory device hosted by the SG-DMA controller’s chain read and chain write
Avalon host ports. Care must be taken to ensure that both *desc and *next point to areas of memory
hosted by the controller.

32.7.7. alt_avalon_sgdma_construct_mem_to_stream_desc()

Prototype: void alt_avalon_sgdma_construct_mem_to_stream_desc(alt_sgdma_descriptor *desc,
alt_sgdma_descriptor *next, alt_u32 *read_addr, alt_u16 length, int read_fixed, int generate_sop, int
generate_eop, alt_u8 atlantic_channel)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *desc—a pointer to the descriptor being constructed.
*next—a pointer to the “next” descriptor. This does not need to be a complete or functional descriptor,
but must be properly allocated.
*read_addr—the first read address for the SG-DMA transfer.
length—the number of bytes for the transfer.
read_fixed—if non-zero, the SG-DMA reads from a fixed address.
generate_sop—if non-zero, the SG-DMA generates a SOP on the Avalon-ST interface when commencing
the transfer.
generate_eop—if non-zero, the SG-DMA generates an EOP on the Avalon-ST interface when completing
the transfer.
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atlantic_channel—an 8-bit Avalon-ST channel number. Channels are currently not supported. Set this
parameter to 0.

Returns: void

Description: This function constructs a single SG-DMA descriptor in the memory specified in alt_avalon_sgdma-
descriptor *desc for an Avalon-MM to Avalon-ST transfer. The destination (write) data for the transfer
goes to the Avalon-ST interface connected to the SG-DMA controller's streaming write port. The function
sets the OWNED_BY_HW bit in the descriptor's control field, marking the completed descriptor as ready
to run. The descriptor is processed when the SG-DMA controller receives the descriptor and the RUN bit
is 1.
The next field of the descriptor being constructed is set to the address in *next. The OWNED_BY_HW bit
of the descriptor at *next is explicitly cleared. Once the SG-DMA completes processing of the *desc, it
does not process the descriptor at *next until its OWNED_BY_HW bit is set. To create a descriptor chain,
you can repeatedly call this function using the previous call's *next pointer in the *desc parameter.
You are responsible for properly allocating memory for the creation of both the descriptor under
construction as well as the next descriptor in the chain. Descriptors must be in a memory device hosted
by the SG-DMA controller’s chain read and chain write Avalon host ports. Care must be taken to ensure
that both *desc and *next point to areas of memory hosted by the controller.

32.7.8. alt_avalon_sgdma_enable_desc_poll()

Prototype: void alt_avalon_sgdma_enable_desc_poll(alt_sgdma_dev *dev, alt_u32 frequency)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: frequency—the frequency value to set. Only the lower 11-bit value of the frequency is written to the
control register.
*dev—a pointer to an SG-DMA device structure.

Returns: void

Description: Enables descriptor polling mode with a specific frequency. There is no effect if the hardware does not
support this mode.

32.7.9. alt_avalon_sgdma_disable_desc_poll()

Prototype: void alt_avalon_sgdma_disable_desc_poll(alt_sgdma_dev *dev)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *dev—a pointer to an SG-DMA device structure.

Returns: void

Description: Disables descriptor polling mode.

32.7.10. alt_avalon_sgdma_check_descriptor_status()

Prototype: int alt_avalon_sgdma_check_descriptor_status(alt_sgdma_descriptor *desc)

Thread-safe: Yes.

Available from ISR: Yes.
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Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *desc—a pointer to the constructed descriptor to examine.

Returns: Returns 0 if the descriptor is error-free, not owned by hardware, or a previously requested transfer
completed normally. Other return codes are defined in errno.h.

Description: Checks a descriptor previously owned by hardware for any errors reported in a previous transfer. The
routine reports: errors reported by the SG-DMA controller, the buffer in use.

32.7.11. alt_avalon_sgdma_register_callback()

Prototype: void alt_avalon_sgdma_register_callback(alt_sgdma_dev *dev, alt_avalon_sgdma_callback callback,
alt_u16 chain_control, void *context)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *dev—a pointer to the SG-DMA device structure.
callback—a pointer to the callback routine to execute at interrupt level.
chain_control—the SG-DMA control register contents.
*context—a pointer used to pass context-specific information to the ISR. context can point to any ISR-
specific information.

Returns: void

Description: Associates a user-specific routine with the SG-DMA interrupt handler. If a callback is registered, all non-
blocking transfers enables interrupts that causes the callback to be executed. The callback runs as part
of the interrupt service routine, and care must be taken to follow the guidelines for acceptable interrupt
service routine behavior as described in the Nios II Software Developer’s Handbook.
To disable callbacks after registering one, call this routine with 0x0 as the callback argument.

32.7.12. alt_avalon_sgdma_start()

Prototype: void alt_avalon_sgdma_start(alt_sgdma_dev *dev)

Thread-safe: No.

Available from ISR: Yes.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *dev—a pointer to the SG-DMA device structure.

Returns: void

Description: Starts the DMA engine and processes the descriptor pointed to in the controller's next descriptor pointer
and all subsequent descriptors in the chain. It is not necessary to call this function when do_sync or
do_async is used.

32.7.13. alt_avalon_sgdma_stop()

Prototype: void alt_avalon_sgdma_stop(alt_sgdma_dev *dev)

Thread-safe: No.

Available from ISR: Yes.
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Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: *dev—a pointer to the SG-DMA device structure.

Returns: void

Description: Stops the DMA engine following completion of the current buffer descriptor. It is not necessary to call
this function when do_sync or do_async is used.

32.7.14. alt_avalon_sgdma_open()

Prototype: alt_sgdma_dev* alt_avalon_sgdma_open(const char* name)

Thread-safe: Yes.

Available from ISR: No.

Include: <altera_avalon_sgdma.h>, <altera_avalon_sgdma_descriptor.h>,
<altera_avalon_sgdma_regs.h>

Parameters: name—the name of the SG-DMA device to open.

Returns: A pointer to the SG-DMA device structure associated with the supplied name, or NULL if no
corresponding SG-DMA device structure was found.

Description: Retrieves a pointer to a hardware SG-DMA device structure.

32.8. Scatter-Gather DMA Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

October 2015 2015.10.30 Updated sections:
• Register Maps: "Control Register Bit Map" table
• SG-DMA API: "Function List" table
Added sections:
• alt_avalon_sgdma_enable_desc_poll()
• alt_avalon_sgdma_disable_desc_poll()

July 2014 2014.07.24 Updated Register Maps table, included version register

December 2010 v10.1.0 Updated figure 19-4 and figure 19-5.
Revised the bit description of IE_GLOBAL in table 19-7.
Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Revised descriptions of register fields and bits.
Added description to the memory-to-stream configurations.
Added descriptions to alt_avalon_sgdma_do_sync_transfer() and
alt_avalon_sgdma_do_async_transfer() API.
Added a list on error signals implementation.

March 2009 v9.0.0 Added description of Enable bursting on descriptor read host.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size.
Added section DMA Descriptors in Functional Specifications
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Date Version Changes

Revised descriptions of register fields and bits.
Reorganized sections Software Programming Model and Programming with
SG-DMA Controller Core.

May 2008 v8.0.0 Added sections on burst transfers.
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33. SDRAM Controller Core
Attention: The SDRAM Controller Core is part of a product obsolescence and support

discontinuation schedule. For new design, Intel recommends that you use other IPs
with equivalent functions. To see a list of available IPs, refer to the Intel FPGA IP
Portfolio page.

33.1. Core Overview

The SDRAM controller core with Avalon interface provides an Avalon Memory-Mapped
(Avalon-MM) interface to off-chip SDRAM. The SDRAM controller allows designers to
create custom systems in an Intel FPGA device that connect easily to SDRAM chips.
The SDRAM controller supports standard SDRAM as described in the PC100
specification.

SDRAM is commonly used in cost-sensitive applications requiring large amounts of
volatile memory. While SDRAM is relatively inexpensive, control logic is required to
perform refresh operations, open-row management, and other delays and command
sequences. The SDRAM controller connects to one or more SDRAM chips, and handles
all SDRAM protocol requirements. Internal to the device, the core presents an Avalon-
MM agent port that appears as linear memory (flat address space) to Avalon-MM host
peripherals.

The core can access SDRAM subsystems with various data widths (8, 16, 32, or
64 bits), various memory sizes, and multiple chip selects. The Avalon-MM interface is
latency-aware, allowing read transfers to be pipelined. The core can optionally share
its address and data buses with other off-chip Avalon-MM tri-state devices. This
feature is valuable in systems that have limited I/O pins, yet must connect to multiple
memory chips in addition to SDRAM.

33.2. Functional Description

The diagram below shows a block diagram of the SDRAM controller core connected to
an external SDRAM chip.
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Figure 115. SDRAM Controller with Avalon Interface Block Diagram
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The following sections describe the components of the SDRAM controller core in detail.
All options are specified at system generation time, and cannot be changed at
runtime.

Related Information

SDRAM Controller Core on page 431

33.2.1. Avalon-MM Interface

The Avalon-MM agent port is the user-visible part of the SDRAM controller core. The
agent port presents a flat, contiguous memory space as large as the SDRAM chip(s).
When accessing the agent port, the details of the PC100 SDRAM protocol are entirely
transparent. The Avalon-MM interface behaves as a simple memory interface. There
are no memory-mapped configuration registers.

The Avalon-MM agent port supports peripheral-controlled wait states for read and
write transfers. The agent port stalls the transfer until it can present valid data. The
agent port also supports read transfers with variable latency, enabling high-
bandwidth, pipelined read transfers. When a host peripheral reads sequential
addresses from the agent port, the first data returns after an initial period of latency.
Subsequent reads can produce new data every clock cycle. However, data is not
guaranteed to return every clock cycle, because the SDRAM controller must pause
periodically to refresh the SDRAM.

For details about Avalon-MM transfer types, refer to the Avalon Interface
Specifications.

33.2.2. Off-Chip SDRAM Interface

The interface to the external SDRAM chip presents the signals defined by the PC100
standard. These signals must be connected externally to the SDRAM chip(s) through
I/O pins on the Intel FPGA device.
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33.2.2.1. Signal Timing and Electrical Characteristics

The timing and sequencing of signals depends on the configuration of the core. The
hardware designer configures the core to match the SDRAM chip chosen for the
system. See the Configuration section for details. The electrical characteristics of the
device pins depend on both the target device family and the assignments made in the
Intel Quartus Prime software. Some device families support a wider range of electrical
standards, and therefore are capable of interfacing with a greater variety of SDRAM
chips. For details, refer to the device handbook for the target device family.

33.2.2.2. Synchronizing Clock and Data Signals

The clock for the SDRAM chip (SDRAM clock) must be driven at the same frequency as
the clock for the Avalon-MM interface on the SDRAM controller (controller clock). As in
all synchronous designs, you must ensure that address, data, and control signals at
the SDRAM pins are stable when a clock edge arrives. As shown in the above SDRAM
Controller with Avalon Interface block diagram, you can use an on-chip phase-
locked loop (PLL) to alleviate clock skew between the SDRAM controller core and the
SDRAM chip. At lower clock speeds, the PLL might not be necessary. At higher clock
rates, a PLL is necessary to ensure that the SDRAM clock toggles only when signals
are stable on the pins. The PLL block is not part of the SDRAM controller core. If a PLL
is necessary, you must instantiate it manually. You can instantiate the PLL core
interface or instantiate an ALTPLL IP core outside the Platform Designer system
module.

If you use a PLL, you must tune the PLL to introduce a clock phase shift so that
SDRAM clock edges arrive after synchronous signals have stabilized. See Clock, PLL
and Timing Considerations sections for details.

For more information about instantiating a PLL, refer to PLL Cores chapter. The Nios
II development tools provide example hardware designs that use the SDRAM
controller core in conjunction with a PLL, which you can use as a reference for your
custom designs.

The Nios II development tools are available free for download fromIntel FPGA website.

33.2.2.3. Clock Disable Mode Support

The SDRAM controller does not support clock-disable modes. The SDRAM controller
permanently asserts the CKE signal on the SDRAM.

33.2.2.4. Sharing Pins with other Avalon-MM Tri-State Devices

If an Avalon-MM tri-state bridge is present, the SDRAM controller core can share pins
with the existing tri-state bridge. In this case, the core’s addr, dq (data) and dqm
(byte-enable) pins are shared with other devices connected to the Avalon-MM tri-state
bridge. This feature conserves I/O pins, which is valuable in systems that have
multiple external memory chips (for example, flash, SRAM, and SDRAM), but too few
pins to dedicate to the SDRAM chip. See Performance Considerations section for
details about how pin sharing affects performance.

The SDRAM addresses must connect all address bits regardless of the size of the word
so that the low-order address bits on the tri-state bridge align with the low-order
address bits on the memory device. The Avalon-MM tristate address signal always
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presents a byte address. It is not possible to drop A0 of the tri-state bridge for
memories when the smallest access size is 16 bits or A0-A1 of the tri-state bridge
when the smallest access size is 32 bits.

33.2.3. Board Layout and Pinout Considerations

When making decisions about the board layout and device pinout, try to minimize the
skew between the SDRAM signals. For example, when assigning the device pinout,
group the SDRAM signals, including the SDRAM clock output, physically close together.
Also, you can use the Fast Input Register and Fast Output Register logic options
in the Intel Quartus Prime software. These logic options place registers for the SDRAM
signals in the I/O cells. Signals driven from registers in I/O cells have similar timing
characteristics, such as tCO, tSU, and tH.

33.2.4. Performance Considerations

Under optimal conditions, the SDRAM controller core’s bandwidth approaches one
word per clock cycle. However, because of the overhead associated with refreshing the
SDRAM, it is impossible to reach one word per clock cycle. Other factors affect the
core’s performance, as described in the following sections.

33.2.4.1. Open Row Management

SDRAM chips are arranged as multiple banks of memory, in which each bank is
capable of independent open-row address management. The SDRAM controller core
takes advantage of open-row management for a single bank. Continuous reads or
writes within the same row and bank operate at rates approaching one word per clock.
Applications that frequently access different destination banks require extra
management cycles to open and close rows.

33.2.4.2. Sharing Data and Address Pins

When the controller shares pins with other tri-state devices, average access time
usually increases and bandwidth decreases. When access to the tri-state bridge is
granted to other devices, the SDRAM incurs overhead to open and close rows.
Furthermore, the SDRAM controller has to wait several clock cycles before it is granted
access again.

To maximize bandwidth, the SDRAM controller automatically maintains control of the
tri-state bridge as long as back-to-back read or write transactions continue within the
same row and bank.

This behavior may degrade the average access time for other devices sharing the
Avalon-MM tri-state bridge.

The SDRAM controller closes an open row whenever there is a break in back-to-back
transactions, or whenever a refresh transaction is required. As a result:

• The controller cannot permanently block access to other devices sharing the tri-
state bridge.

• The controller is guaranteed not to violate the SDRAM’s row open time limit.
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33.2.4.3. Hardware Design and Target Device

The target device affects the maximum achievable clock frequency of a hardware
design. Certain device families achieve higher fMAX performance than other families.
Furthermore, within a device family, faster speed grades achieve higher performance.
The SDRAM controller core can achieve 100 MHz in Intel FPGA high-performance
device families, such as Stratix series. However, the core might not achieve 100 MHz
performance in all Intel FPGA device families.

The fMAX performance also depends on the system design. The SDRAM controller clock
can also drive other logic in the system module, which might affect the maximum
achievable frequency. For the SDRAM controller core to achieve fMAX performance of
100 MHz, all components driven by the same clock must be designed for a 100 MHz
clock rate, and timing analysis in the Intel Quartus Prime software must verify that the
overall hardware design is capable of 100 MHz operation.

33.3. Configuration

The SDRAM controller MegaWizard has two pages: Memory Profile and Timing. This
section describes the options available on each page.

The Presets list offers several pre-defined SDRAM configurations as a convenience. If
the SDRAM subsystem on the target board matches one of the preset configurations,
you can configure the SDRAM controller core easily by selecting the appropriate preset
value. The following preset configurations are defined:

• Micron MT8LSDT1664HG module

• Four SDR100 8 MByte × 16 chips

• Single Micron MT48LC2M32B2-7 chip

• Single Micron MT48LC4M32B2-7 chip

• Single NEC D4564163-A80 chip (64 MByte × 16)

• Single Alliance AS4LC1M16S1-10 chip

• Single Alliance AS4LC2M8S0-10 chip

Selecting a preset configuration automatically changes values on the Memory
Profile and Timing tabs to match the specific configuration. Altering a
configuration setting on any page changes the Preset value to custom.

33.3.1. Memory Profile Page

The Memory Profile page allows you to specify the structure of the SDRAM
subsystem such as address and data bus widths, the number of chip select signals,
and the number of banks.
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Table 354. Memory Profile Page Settings

Settings Allowed Values Default Values Description

Data Width 8, 16, 32, 64 32 SDRAM data bus width. This
value determines the width of
the dq bus (data) and the
dqm bus (byte-enable).

Architecture
Settings

Chip Selects 1, 2, 4, 8 1 Number of independent chip
selects in the SDRAM
subsystem. By using multiple
chip selects, the SDRAM
controller can combine
multiple SDRAM chips into
one memory subsystem.

Banks 2, 4 4 Number of SDRAM banks. This
value determines the width of
the ba bus (bank address)
that connects to the SDRAM.
The correct value is provided
in the data sheet for the
target SDRAM.

Address Width
Settings

Row 11, 12, 13, 14 12 Number of row address bits.
This value determines the
width of the addr bus. The
Row and Column values
depend on the geometry of
the chosen SDRAM. For
example, an SDRAM
organized as 4096 (212) rows
by 512 columns has a Row
value of 12.

Column >= 8, and less
than Row value

8 Number of column address
bits. For example, the SDRAM
organized as 4096 rows by
512 (29) columns has a
Column value of 9.

Share pins via tri-state bridge dq/dqm/addr
I/O pins

On, Off Off When set to No, all pins are
dedicated to the SDRAM chip.
When set to Yes, the addr,
dq, and dqm pins can be
shared with a tristate bridge
in the system. In this case,
select the appropriate tristate
bridge from the pull-down
menu.

Include a functional memory model in the
system testbench

On, Off On When on, Platform Designer
functional simulation model
for the SDRAM chip. This
default memory model
accelerates the process of
creating and verifying
systems that use the SDRAM
controller. See Hardware
Simulation Considerations
section.

Based on the settings entered on the Memory Profile page, the wizard displays the
expected memory capacity of the SDRAM subsystem in units of megabytes, megabits,
and number of addressable words. Compare these expected values to the actual size
of the chosen SDRAM to verify that the settings are correct.
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33.3.2. Timing Page

The Timing page allows designers to enter the timing specifications of the SDRAM
chip(s) used. The correct values are available in the manufacturer’s data sheet for the
target SDRAM.

Table 355. Timing Page Settings

Settings Allowed
Values

Default
Value

Description

CAS latency 1, 2, 3 3 Latency (in clock cycles) from a read command to data out.

Initialization refresh cycles 1–8 2 This value specifies how many refresh cycles the SDRAM
controller performs as part of the initialization sequence
after reset.

Issue one refresh
command every

— 15.625 µs This value specifies how often the SDRAM controller
refreshes the SDRAM. A typical SDRAM requires 4,096
refresh commands every 64 ms, which can be achieved by
issuing one refresh command every 64 ms / 4,096 = 15.625
μs.

Delay after power up,
before initialization

— 100 µs The delay from stable clock and power to SDRAM
initialization.

Duration of refresh
command (t_rfc)

— 70 ns Auto Refresh period.

Duration of precharge
command (t_rp)

— 20 ns Precharge command period.

ACTIVE to READ or WRITE
delay (t_rcd)

— 20 ns ACTIVE to READ or WRITE delay.

Access time (t_ac) — 17 ns Access time from clock edge. This value may depend on
CAS latency.

Write recovery time (t_wr,
No auto precharge)

— 14 ns Write recovery if explicit precharge commands are issued.
This SDRAM controller always issues explicit precharge
commands.

Regardless of the exact timing values you specify, the actual timing achieved for each
parameter is an integer multiple of the Avalon clock period. For the Issue one
refresh command every parameter, the actual timing is the greatest number of
clock cycles that does not exceed the target value. For all other parameters, the actual
timing is the smallest number of clock ticks that provides a value greater than or
equal to the target value.

33.4. Hardware Simulation Considerations

This section discusses considerations for simulating systems with SDRAM. Three major
components are required for simulation:

• A simulation model for the SDRAM controller.

• A simulation model for the SDRAM chip(s), also called the memory model.

• A simulation testbench that wires the memory model to the SDRAM controller
pins.

Some or all of these components are generated by Platform Designer at system
generation time.
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33.4.1. SDRAM Controller Simulation Model

The SDRAM controller design files generated by Platform Designer are suitable for
both synthesis and simulation. Some simulation features are implemented in the HDL
using “translate on/off” synthesis directives that make certain sections of HDL code
invisible to the synthesis tool.

The simulation features are implemented primarily for easy simulation of Nios and
Nios II processor systems using the ModelSim* simulator. The SDRAM controller
simulation model is not ModelSim specific. However, minor changes may be required
to make the model work with other simulators.

If you change the simulation directives to create a custom simulation flow, be aware
that Platform Designer overwrites existing files during system generation. Take
precautions to ensure your changes are not overwritten.

Refer to AN 351: Simulating Nios II Processor Designs for a demonstration of
simulation of the SDRAM controller in the context of Nios II embedded processor
systems.

33.4.2. SDRAM Memory Model

This section describes the two options for simulating a memory model of the SDRAM
chip(s).

33.4.2.1. Using the Generic Memory Model

If the Include a functional memory model the system testbench option is
enabled at system generation, Platform Designer generates an HDL simulation model
for the SDRAM memory. In the auto-generated system testbench, Platform Designer
automatically wires this memory model to the SDRAM controller pins.

Using the automatic memory model and testbench accelerates the process of creating
and verifying systems that use the SDRAM controller. However, the memory model is a
generic functional model that does not reflect the true timing or functionality of real
SDRAM chips. The generic model is always structured as a single, monolithic block of
memory. For example, even for a system that combines two SDRAM chips, the generic
memory model is implemented as a single entity.

33.4.2.2. Using the SDRAM Manufacturer's Memory Model

If the Include a functional memory model the system testbench option is not
enabled, you are responsible for obtaining a memory model from the SDRAM
manufacturer, and manually wiring the model to the SDRAM controller pins in the
system testbench.

33.5. Example Configurations

The following examples show how to connect the SDRAM controller outputs to an
SDRAM chip or chips. The bus labeled ctl is an aggregate of the remaining signals,
such as cas_n, ras_n, cke and we_n.

The address, data, and control signals are wired directly from the controller to the
chip. The result is a 128-Mbit (16-Mbyte) memory space.
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Figure 116. Single 128-Mbit SDRAM Chip with 32-Bit Data
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The address and control signals connect in parallel to both chips. The chips share the
chipselect (cs_n) signal. Each chip provides half of the 32-bit data bus. The result is a
logical 128-Mbit (16-Mbyte) 32-bit data memory.

Figure 117. Two 64-MBit SDRAM Chips Each with 16-Bit Data
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The address, data, and control signals connect in parallel to the two chips. The
chipselect bus (cs_n[1:0]) determines which chip is selected. The result is a logical
256-Mbit 32-bit wide memory.
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Figure 118. Two 128-Mbit SDRAM Chips Each with 32-Bit Data
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33.6. Software Programming Model

The SDRAM controller behaves like simple memory when accessed via the Avalon-MM
interface. There are no software-configurable settings and no memory-mapped
registers. No software driver routines are required for a processor to access the
SDRAM controller.

33.7. Clock, PLL and Timing Considerations

This section describes issues related to synchronizing signals from the SDRAM
controller core with the clock that drives the SDRAM chip. During SDRAM transactions,
the address, data, and control signals are valid at the SDRAM pins for a window of
time, during which the SDRAM clock must toggle to capture the correct values. At
slower clock frequencies, the clock naturally falls within the valid window. At higher
frequencies, you must compensate the SDRAM clock to align with the valid window.

Determine when the valid window occurs either by calculation or by analyzing the
SDRAM pins with an oscilloscope. Then use a PLL to adjust the phase of the SDRAM
clock so that edges occur in the middle of the valid window. Tuning the PLL might
require trial-and-error effort to align the phase shift to the properties of your target
board.

For details about the PLL circuitry in your target device, refer to the appropriate device
family handbook.

For details about configuring the PLLs in Intel devices, refer to the ALTPLL IP Core
User Guide.

33.7.1. Factors Affecting SDRAM Timing

The location and duration of the window depends on several factors:
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• Timing parameters of the device and SDRAM I/O pins — I/O timing parameters
vary based on device family and speed grade.

• Pin location on the device — I/O pins connected to row routing have different
timing than pins connected to column routing.

• Logic options used during the Intel Quartus Prime compilation — Logic options
such as the Fast Input Register and Fast Output Register logic affect the
design fit. The location of logic and registers inside the device affects the
propagation delays of signals to the I/O pins.

• SDRAM CAS latency

As a result, the valid window timing is different for different combinations of FPGA
and SDRAM devices. The window depends on the Intel Quartus Prime software
fitting results and pin assignments.

33.7.2. Symptoms of an Untuned PLL

Detecting when the PLL is not tuned correctly might be difficult. Data transfers to or
from the SDRAM might not fail universally. For example, individual transfers to the
SDRAM controller might succeed, whereas burst transfers fail. For processor-based
systems, if software can perform read or write data to SDRAM, but cannot run when
the code is located in SDRAM, the PLL is probably tuned incorrectly.

33.7.3. Estimating the Valid Signal Window

This section describes how to estimate the location and duration of the valid signal
window using timing parameters provided in the SDRAM datasheet and the Intel
Quartus Prime software compilation report. After finding the window, tune the PLL so
that SDRAM clock edges occur exactly in the middle of the window.

Calculating the window is a two-step process. First, determine by how much time the
SDRAM clock can lag the controller clock, and then by how much time it can lead.
After finding the maximum lag and lead values, calculate the midpoint between them.

These calculations provide an estimation only. The following delays can also affect
proper PLL tuning, but are not accounted for by these calculations.

• Signal skew due to delays on the printed circuit board — These calculations
assume zero skew.

• Delay from the PLL clock output nodes to destinations — These calculations
assume that the delay from the PLL SDRAM-clock output-node to the pin is the
same as the delay from the PLL controller-clock output-node to the clock inputs in
the SDRAM controller. If these clock delays are significantly different, you must
account for this phase shift in your window calculations.

Lag is a negative time shift, relative to the controller clock, and lead is a positive
time shift. The SDRAM clock can lag the controller clock by the lesser of the
maximum lag for a read cycle or that for a write cycle. In other words,
Maximum Lag = minimum(Read Lag, Write Lag). Similarly, the SDRAM clock can
lead by the lesser of the maximum lead for a read cycle or for a write cycle. In
other words, Maximum Lead = minimum(Read Lead, Write Lead).
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Figure 119. Calculating the Maximum SDRAM Clock Lag
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Figure 120. Calculating the Maximum SDRAM Clock Lead
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33.7.4. Example Calculation

This section demonstrates a calculation of the signal window for a Micron
MT48LC4M32B2-7 SDRAM chip and design targeting the Stratix II EP2S60F672C5
device. This example uses a CAS latency (CL) of 3 cycles, and a clock frequency of 50
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MHz. All SDRAM signals on the device are registered in I/O cells, enabled with the
Fast Input Register and Fast Output Register logic options in the Intel Quartus
Prime software.

Table 356. Timing Parameters for Micron MT48LC4M32B2 SDRAM Device

Parameter Symbol Value (ns) in -7 Speed Grade

Min. Max.

Access time from CLK
(pos. edge)

CL = 3 tAC(3) — 5.5

CL = 2 tAC(2) — 8

CL = 1 tAC(1) — 17

Address hold time tAH 1 —

Address setup time tAS 2 —

CLK high-level width tCH 2.75 —

CLK low-level width tCL 2.75 —

Clock cycle time CL = 3 tCK(3) 7 —

CL = 2 tCK(2) 10 —

CL = 1 tCK(1) 20 —

CKE hold time tCKH 1 —

CKE setup time tCKS 2 —

CS#, RAS#, CAS#, WE#, DQM hold time tCMH 1 —

CS#, RAS#, CAS#, WE#, DQM setup time tCMS 2 —

Data-in hold time tDH 1

Data-in setup time tDS 2

Data-out high-
impedance time

CL = 3 tHZ(3) 5.5

CL = 2 tHZ(2) — 8

CL = 1 tHZ(1) — 17

Data-out low-impedance time tLZ 1 —

Data-out hold time tOH 2.5

The FPGA I/O Timing Parameters table below shows the relevant timing information,
obtained from the Timing Analyzer section of the Intel Quartus Prime Compilation
Report. The values in the table are the maximum or minimum values among all device
pins related to the SDRAM. The variance in timing between the SDRAM pins on the
device is small (less than 100 ps) because the registers for these signals are placed in
the I/O cell.

Table 357. FPGA I/O Timing Parameters

Parameter Symbol Value (ns)

Clock period tCLK 20

Minimum clock-to-output time tCO_MIN 2.399

continued...   
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Parameter Symbol Value (ns)

Maximum clock-to-output time tCO_MAX 2.477

Maximum hold time after clock tH_MAX –5.607

Maximum setup time before clock tSU_MAX 5.936

You must compile the design in the Intel Quartus Prime software to obtain the I/O
timing information for the design. Although Intel FPGA device family datasheets
contain generic I/O timing information for each device, the Intel Quartus Prime
Compilation Report provides the most precise timing information for your specific
design.

The timing values found in the compilation report can change, depending on fitting,
pin location, and other Intel Quartus Prime logic settings. When you recompile the
design in the Intel Quartus Prime software, verify that the I/O timing has not changed
significantly.

The following examples illustrate the calculations from figures Maximum SDRAM Clock
Lag and Maximum Lead also using the values from the Timing Parameters and FPGA
I/O Timing Parameters table.

The SDRAM clock can lag the controller clock by the lesser of Read Lag or Write Lag:

Read Lag = tOH(SDRAM) – tH_MAX(FPGA)

= 2.5 ns – (–5.607 ns) = 8.107 ns

or

Write Lag = tCLK – tCO_MAX(FPGA) – tDS(SDRAM)

= 20 ns – 2.477 ns – 2 ns = 15.523 ns

The SDRAM clock can lead the controller clock by the lesser of Read Lead or Write
Lead:

Read Lead = tCO_MIN(FPGA) – tDH(SDRAM)

= 2.399 ns – 1.0 ns = 1.399 ns

or

Write Lead = tCLK – tHZ(3)(SDRAM) – tSU_MAX(FPGA)

= 20 ns – 5.5 ns – 5.936 ns = 8.564 ns

Therefore, for this example you can shift the phase of the SDRAM clock from –
8.107 ns to 1.399 ns relative to the controller clock. Choosing a phase shift in the
middle of this window results in the value (–8.107 + 1.399)/2 = –3.35 ns.
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33.8. SDRAM Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added product obsolescence and support discontinuation notice.

2019.12.16 19.4 Corrected the following figures:
• Calculating the Maximum SDRAM Clock Lag
• Calculating the Maximum SDRAM Clock Lead

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

May 2016 2016.05.03 Maintenance release.

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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34. Tri-State SDRAM Core
Attention: The Tri-State SDRAM Core is part of a product obsolescence and support

discontinuation schedule. For new design, Intel recommends that you use other IPs
with equivalent functions. To see a list of available IPs, refer to the Intel FPGA IP
Portfolio page.

34.1. Core Overview

The Intel SDRAM Tri-State Controller core with Avalon interface provides an Avalon
Memory-Mapped (Avalon-MM) interface to off-chip SDRAM. The SDRAM controller
allows designers to create custom systems in an Intel FPGA device that connect easily
to SDRAM chips. The SDRAM controller supports standard SDRAM defined by the
PC100 specification.

SDRAM is commonly used in cost-sensitive applications requiring large amounts of
volatile memory. While SDRAM is relatively inexpensive, control logic is required to
perform refresh operations, open-row management, and other delays and command
sequences. The SDRAM controller connects to one or more SDRAM chips, and handles
all SDRAM protocol requirements. The SDRAM controller core presents an Avalon-MM
agent port that appears as linear memory (flat address space) to Avalon-MM host
peripherals.

The Avalon-MM interface is latency-aware, allowing read transfers to be pipelined. The
core can optionally share its address and data buses with other off-chip Avalon-MM tri-
state devices. This feature is valuable in systems that have limited I/O pins, yet must
connect to multiple memory chips in addition to SDRAM.

The Intel SDRAM Tri-State Controller has the same functionality as the SDRAM
Controller Core with the addition of the Tri-State feature.

Related Information

Avalon Interface Specifications

34.2. Feature Description

The Intel SDRAM Tri-State controller core has the following features:

• Maximum frequency of 100-MHz

• Single clock domain design

• Sharing of dq/dqm/addr I/
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34.2.1. Block Diagram

Figure 121. Tri-State SDRAM Block Diagram

SDRAM
Interface

Tri-state
Conduit
Host Signals

altera_sdram_controller

Avalon-MM
Interface

Clock Reset

Request
Buffer

Init FSM

Main 
FSM

Sig
na

l G
en

er
at

ion

34.3. Configuration Parameter

The following table shows the configuration parameters available for user to program
during generation time of the IP core.

34.3.1. Memory Profile Page

The Memory Profile page allows you to specify the structure of the SDRAM subsystem
such as address and data bus widths, the number of chip select signals, and the
number of banks.

Table 358. Configuration Parameters

Parameter GUI Legal Values Default Values Units

Data Width 8, 16, 32, 64 32 (Bit)s

Architecture Chip Selects 1, 2, 4, 8 1 (Bit)s

Banks 2, 4 4 (Bit)s

Address Widths Row 11:14 12 (Bit)s

Column 8:14 8 (Bit)s

34.3.2. Timing Page

The Timing page allows designers to enter the timing specifications of the Tri-State
SDRAM chip(s) used. The correct values are available in the manufacturer’s data sheet
for the target SDRAM.
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Table 359. Configuration Timing Parameters

Parameter GUI Legal Values Default Values Units

CAS latency cycles 1, 2, 3 3 Cycles

Initialization refresh cycles 1:8 2 Cycles

Issue one refresh command every 0.0:156.25 15.625 us

Delay after power up, before
initialization

0.0:999.0 100.00 us

Duration of refresh command (t_rfc) 0.0:700.0 70.0 ns

Duration of precharge command (t_rp) 0.0:200.0 20.0 ns

ACTIVE to READ or WRITE delay
(t_rcd)

0.0:200.0 20.0 ns

Access time (t_ac) 0.0:999.0 5.5 ns

Write recovery time (t_wr, no auto
precharge)

0.0:140.0 14.0 ns

34.4. Interface

The following are top level signals from core

Table 360. Clock and Reset Signals

Signal Width Direction Description

clk 1 Input System Clock

rst_n 1 Input System asynchronous reset. The signal is asserted
asynchronously, but is de-asserted synchronously after the
rising edge of ssi_clk. The synchronization must be
provided external to this component.

Table 361. Avalon-MM Agent Interface Signals

Signal Width Direction Description

avs_read 1 Input Avalon-MM read control. Asserted to indicate a
read transfer. If present, readdata is
required.

avs_write 1 Input Avalon-MM write control. Asserted to indicate
a write transfer. If present, writedata is
required.

avs_byteenable dqm_width Input Enables specific byte lane(s) during transfer.
Each bit corresponds to a byte in
avs_writedata and avs_readdata.

avs_address controller_addr_widt
h

Input Avalon-MM address bus.

avs_writedata sdram_data_width Input Avalon-MM write data bus. Driven by the bus
host (bridge unit) during write cycles.
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Signal Width Direction Description

avs_readdata sdram_data_width Output Avalon-MM readback data. Driven by the
altera_spi during read cycles.

avs_readdatavalid 1 Output Asserted to indicate that the avs_readdata
signals contains valid data in response to a
previous read request.

avs_waitrequest 1 Output Asserted when it is unable to respond to a
read or write request.

Table 362. Tristate Conduit Host / SDRAM Interface Signals

Signal Width Direction Description

tcm_grant 1 Input When asserted, indicates
that a tristate conduit host
has been granted access to
perform transactions.
tcm_grant is asserted in
response to the
tcm_request signal and
remains asserted until 1
cycle following the
deassertion of request.
Valid only when pin sharing
mode is enabled.

tcm_request 1 Output The meaning of
tcm_request depends on
the state of the tcm_grant
signal, as the following rules
dictate:
• When tcm_request is

asserted and tcm_grant
is deasserted,
tcm_request is
requesting access for the
current cycle.

• When tcm_request is
asserted and tcm_grant
is asserted,
tcm_request is
requesting access for the
next cycle; consequently,
tcm_request should be
deasserted on the final
cycle of an access.

Because tcm_request is
deasserted in the last cycle
of a bus access, it can be
reasserted immediately
following the final cycle of a
transfer, making both
rearbitration and continuous
bus access possible if no
other hosts are requesting
access.
Once asserted,
tcm_request must remain
asserted until granted;
consequently, the shortest
bus access is 2 cycles.
Valid only when pin-sharing
mode is enabled.
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Signal Width Direction Description

sdram_dq_width sdram_data_width Output SDRAM data bus output.
Valid only when pin-sharing
mode is enabled

sdram_dq_in sdram_data_width Input SDRAM data bus input.
Valid only when pin-sharing
mode is enabled.

sdram_dq_oen 1 Output SDRAM data bus output
enable.
Valid only when pin-sharing
mode is enabled.

sdram_dq sdram_data_width Input/Output SDRAM data bus.
Valid only when pin-sharing
mode is disabled.

sdram_addr sdram_addr_width Output SDRAM address bus.

sdram_ba sdram_bank_width Output SDRAM bank address.

sdram_dqm dqm_width Output SDRAM data mask. When
asserted, it indicates to the
SDRAM chip that the
corresponding data signal is
suppressed. There is one
DQM line per 8 bits data
lines

sdram_ras_n 1 Output Row Address Select. When
taken LOW, the value on the
tcm_addr_out bus is used
to select the bank and
activate the required row.

sdram_cas_n 1 Output Column Address Select.
When taken LOW, the value
on the tcm_addr_out bus
is used to select the bank
and required column. A read
or write operation will then
be conducted from that
memory location, depending
on the state of
tcm_we_out.

sdram_we_n 1 Output SDRAM Write Enable,
determines whether the
location addressed by
tcm_addr_out is written to
or read from.
0=Read
1=Write

sdram_cs_n Output SDRAM Chip Select. When
taken LOW, will enables the
SDRAM device.

sdram_cke 1 Output SDRAM Clock Enable. The
SDRAM controller does not
support clock-disable modes.
The SDRAM controller
permanently asserts the
tcm_sdr_cke_out signal
on the SDRAM.

Note: The SDRAM controller does not have any configurable control status registers (CSR).
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34.5. Reset and Clock Requirements

The main reset input signal to the SDRAM is treated as an asynchronous reset input
from the SDRAM core perspective. A reset synchronizer circuit, as typically
implemented for each reset domain in a complete SOC/ASIC system is not
implemented within the SDRAM core. Instead, this reset synchronizer circuit should be
implemented externally to the SDRAM, in a higher hierarchy within the complete
system design, so that the “asynchronous assertion, synchronous de-assertion” rule is
fulfilled.

The SDRAM core accepts an input clock at its clk input with maximum frequency of
100-MHz. The other requirements for the clock, such as its minimum frequency should
be similar to the requirement of the external SDRAM which the SDRAM is interfaced
to.

34.6. Architecture

The SDRAM Controller connects to one or more SDRAM chips, and handles all SDRAM
protocol requirements. Internal to the device, the core presents an Avalon-MM agent
ports that appears as a linear memory (flat address space) to Avalon-MM host device.

The core can access SDRAM subsystems with:

• Various data widths (8-, 16-, 32- or 64-bits)

• Various memory sizes

• Multiple chip selects

The Avalon-MM interface is latency-aware, allowing read transfers to be pipelined. The
core can optionally share its address and data buses with other off-chip Avalon-MM tri-
state devices.

Note: Limitations: for now the arbitration control of this mode should be handled by the host
in the system to avoid a device monopolizing the shared buses.

Control logic within the SDRAM core responsible for the main functionality listed
below, among others:

• Refresh operation

• Open_row management

• Delay and command management

Use of the data bus is intricate and thus requires a complex DRAM controller circuit.
This is because data written to the DRAM must be presented in the same cycle as the
write command, but reads produce output 2 or 3 cycles after the read command. The
SDRAM controller must ensure that the data bus is never required for a read and a
write at the same time.

34.6.1. Avalon-MM Agent Interface and CSR

The host processor perform data read and write operation to the external SDRAM
devices through the Avalon-MM interface of the SDRAM core.

Please refer to Avalon Interface Specifications for more information on the details of
the Avalon-MM Agent Interface.
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Related Information

Avalon Interface Specifications

34.6.2. Block Level Usage Model

Figure 122. Shared-Bus System
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34.7. Intel SDRAM Tri-State Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added product obsolescence and support discontinuation notice.

2018.05.07 18.0 • Corrected the signal description for sdram_dq_in and sdram_dq_oen.
• Updated Figure: Shared-Bus System.

2014.07.24 14.0 Initial release.

34. Tri-State SDRAM Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

452

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 453 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



35. Video Sync Generator and Pixel Converter Cores

35.1. Core Overview

The video sync generator core accepts a continuous stream of pixel data in RGB
format, and outputs the data to an off-chip display controller with proper timing. You
can configure the video sync generator core to support different display resolutions
and synchronization timings.

The pixel converter core transforms the pixel data to the format required by the video
sync generator. The Typical Placement in a System figure shows a typical
placement of the video sync generator and pixel converter cores in a system.

In this example, the video buffer stores the pixel data in 32-bit unpacked format. The
extra byte in the pixel data is discarded by the pixel converter core before the data is
serialized and sent to the video sync generator core.

Figure 123. Typical Placement in a System
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These cores are deployed in the Nios II Embedded Software Evaluation Kit (NEEK),
which includes an LCD display daughtercard assembly attached via an HSMC
connector.

35.2. Video Sync Generator

This section describes the hardware structure and functionality of the video sync
generator core.

35.2.1. Functional Description

The video sync generator core adds horizontal and vertical synchronization signals to
the pixel data that comes through its Avalon (Avalon-ST) input interface and outputs
the data to an off-chip display controller. No processing or validation is performed on
the pixel data.

683130 | 2022.03.28

Send Feedback

Intel Corporation. All rights reserved. Intel, the Intel logo, and other Intel marks are trademarks of Intel
Corporation or its subsidiaries. Intel warrants performance of its FPGA and semiconductor products to current
specifications in accordance with Intel's standard warranty, but reserves the right to make changes to any
products and services at any time without notice. Intel assumes no responsibility or liability arising out of the
application or use of any information, product, or service described herein except as expressly agreed to in
writing by Intel. Intel customers are advised to obtain the latest version of device specifications before relying
on any published information and before placing orders for products or services.
*Other names and brands may be claimed as the property of others.

ISO
9001:2015
Registered

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 454 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Figure 124. Video Sync Generator Block Diagram
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You can configure various aspects of the core and its Avalon-ST interface to suit your
requirements. You can specify the data width, number of bits required to transfer each
pixel and synchronization signals. See the Parameters section for more information
on the available options.

To ensure incoming pixel data is sent to the display controller with correct timing, the
video sync generator core must synchronize itself to the first pixel in a frame. The first
active pixel is indicated by an sop pulse.

The video sync generator core expects continuous streams of pixel data at its input
interface and assumes that each incoming packet contains the correct number of
pixels (Number of rows * Number of columns). Data starvation disrupts
synchronization and results in unexpected output on the display.

35.2.2. Parameters

Table 363. Video Sync Generator Parameters

Parameter Name Description

Horizontal Sync Pulse Pixels The width of the h-sync pulse in number of pixels.

Total Vertical Scan Lines The total number of lines in one video frame. The value is the sum of the following
parameters: Number of Rows, Vertical Blank Lines, and Vertical Front Porch
Lines.

Number of Rows The number of active scan lines in each video frame.

Horizontal Sync Pulse
Polarity

The polarity of the h-sync pulse; 0 = active low and 1 = active high.

Horizontal Front Porch
Pixels

The number of blanking pixels that follow the active pixels. During this period, there is
no data flow from the Avalon-ST sink port to the LCD output data port.

Vertical Sync Pulse Polarity The polarity of the v-sync pulse; 0 = active low and 1 = active high.

Vertical Sync Pulse Lines The width of the v-sync pulse in number of lines.

Vertical Front Porch Lines The number of blanking lines that follow the active lines. During this period, there is no
data flow from the Avalon-ST sink port to the LCD output data port.

Number of Columns The number of active pixels in each line.

Horizontal Blank Pixels The number of blanking pixels that precede the active pixels. During this period, there is
no data flow from the Avalon-ST sink port to the LCD output data port.

Total Horizontal Scan Pixels The total number of pixels in one line. The value is the sum of the following parameters:
Number of Columns, Horizontal Blank Pixel, and Horizontal Front Porch Pixels.

continued...   
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Parameter Name Description

bits Per Pixel The number of bits required to transfer one pixel. Valid values are 1 and 3. This
parameter, when multiplied by Data Stream Bit Width must be equal to the total
number of bits in one pixel. This parameter affects the operating clock frequency, as
shown in the following equation:
Operating clock frequency = (bits per pixel) * (Pixel_rate), where
Pixel_rate (in MHz) = ((Total Horizontal Scan Pixels) * (Total Vertical Scan Lines)
* (Display refresh rate in Hz))/1000000.

Vertical Blank Lines The number of blanking lines that proceed the active lines. During this period, there is
no data flow from the Avalon-ST sink port to the LCD output data port.

Data Stream Bit Width The width of the inbound and outbound data.

35.2.3. Signals

Table 364. Video Sync Generator Core Signals  

Signal Name Width (Bits) Direction Description

Global Signals

clk 1 Input System clock.

reset 1 Input System reset.

Avalon-ST Signals

data Variable-width Input Incoming pixel data. The datawidth is determined by the parameter
Data Stream Bit Width.

ready 1 Output This signal is asserted when the video sync generator is ready to
receive the pixel data.

valid 1 Input This signal is not used by the video sync generator core because the
core always expects valid pixel data on the next clock cycle after the
ready signal is asserted.

sop 1 Input Start-of-packet. This signal is asserted when the first pixel is received.

eop 1 Input End-of-packet. This signal is asserted when the last pixel is received.

LCD Output Signals

rgb_out Variable-width Output Display data. The datawidth is determined by the parameter Data
Stream Bit Width.

hd 1 Output Horizontal synchronization pulse for display.

vd 1 Output Vertical synchronization pulse for display.

den 1 Output This signal is asserted when the video sync generator core outputs
valid data for display.

35.2.4. Timing Diagrams

The horizontal and vertical synchronization timings are determined by the parameters
setting. The table below shows the horizontal synchronization timing when the
parameters Data Stream Bit Width and bits Per Pixel are set to 8 and 3,
respectively.
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Figure 125. Horizontal Synchronization Timing—8 Bits DataWidth and 3 bits Per Pixel
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The table below shows the horizontal synchronization timing when the parameters
Data Stream Bit Width and bits Per Pixel are set to 24 and 1, respectively.

Figure 126. Horizontal Synchronization Timing—24 Bits DataWidth and 1 Beat Per Pixel
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Figure 127. Vertical Synchronization Timing—8 Bits DataWidth and 3 bits Per Pixel / 24
Bits DataWidth and 1 Beat Per Pixel
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35.3. Pixel Converter

This section describes the hardware structure and functionality of the pixel converter
core.

35.3.1. Functional Description

The pixel converter core receives pixel data on its Avalon-ST input interface and
transforms the pixel data to the format required by the video sync generator. The least
significant byte of the 32-bit wide pixel data is removed and the remaining 24 bits are
wired directly to the core's Avalon-ST output interface.
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35.3.2. Parameters

You can configure the following parameter:

• Source symbols per beat—The number of symbols per beat on the Avalon-ST
source interface.

35.3.3. Signals

Table 365. Pixel Converter Input Interface Signals

Signal Name Width (Bits) Direction Description

Global Signals

clk 1 Input Not in use.

reset_n 1 Input

Avalon-ST Signals

data_in 32 Input Incoming pixel data. Contains four 8-bit symbols that are transferred in
1 beat.

data_out 24 Output Output data. Contains three 8-bit symbols that are transferred in 1
beat.

sop_in 1 Input Wired directly to the corresponding output signals.

eop_in 1 Input

ready_in 1 Input

valid_in 1 Input

empty_in 1 Input

sop_out 1 Output Wired directly from the input signals.

eop_out 1 Output

ready_out 1 Output

valid_out 1 Output

empty_out 1 Output

35.4. Hardware Simulation Considerations

For a typical 60 Hz refresh rate, set the simulation length for the video sync generator
core to at least 16.7 μs to get a full video frame. Depending on the size of the video
frame, simulation may take a very long time to complete.

35.5. Video Sync Generator and Pixel Converter Cores Revision
History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.
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Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Added new parameters for both cores.
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36. Intel FPGA Interrupt Latency Counter Core

36.1. Core Overview

A processor running a program can be instructed to divert from its original execution
path by an interrupt signal generated either by peripheral hardware or the firmware
that is currently being executed. The processor now executes the portions of the
program code that handles the interrupt requests known as Interrupt Service Routines
(ISR) by moving to the instruction pointer to the ISR, and then continues operation.
Upon completion of the routine, the processor returns to the previous location.

Intel FPGA's Interrupt Latency Calculator (ILC) is developed in mind to measure the
time taken in terms of clock cycles to complete the interrupt service routine. Data
obtained from the ILC is utilized by other latency sensitive IPs in order for it to
maintain its proper operation. The data from the ILC can also be used to help the
general firmware debugging exercise.

The ILC sits as a parallel to any interrupt receiver that will consume and perform an
interrupt service routine. The following figure shows the orientation of a ILC in a
system design.

Figure 128. Usage model of Interrupt Latency Calculator

Processor Interrupt Latency Calculator

Peripheral

  Data
Host

    IRQ 
Receiver

  CSR
Agent

    IRQ 
Receiver

    IRQ 
Sender

36.2. Feature Description

The ILC is made up of three sub functional blocks. The top level interface is Avalon
Memory Mapped (Avalon-MM) protocol compliant. The interrupt detector block will be
activated by the rising edge of the interrupt signal or pulse, determined by a
parameter during component generation. The interrupt detector block determines
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when to start or stop the 32-bit internal counter, which is reset to zero every time it
begins operation without affecting previous stored latency data register value. The
latency data register is updated after the counter is stopped.

Each counter can be configured to host up to 32 identical counters to monitor separate
IRQ channels. Each counter only observes one interrupt input. The interrupt could be
level sensitive or pulse (edge) sensitive. In the case where more interrupt lines need
to be monitored, multiple counters could be instantiated in Platform Designer.

ILC only keeps track of the latest interrupt latency value. If multiple interrupts are
happening in series, only the last interrupt latency will be maintained. On the other
hand, every start of interrupt edge refreshes the internal counter from zero.

36.2.1. Avalon-MM Compliant CSR Registers

Each ILC has rows of status registers each being 32 bits in length. The last five rows
of CSR registers corresponding to address 0x20 to 0x24 are fixed regardless of the
number of IRQ port count configured through the Platform Designer GUI. The Address
0x0 to 0x1F is reserved to store the latency value which depends on the number of
IRQ port configured. For example, if you configure the instance to have only five
counters, then only addressess 0x0 to 0x4 return a valid value when you try to read
from it. When the IP user tries to read from an invalid address, the IP returns binary
‘0’ value.

Table 366. ILC Register Mapping

Word Address Offset Register/ Queue Name Attribute

0x0 IRQ_0 Latency Data Registers Read access only

0x1 IRQ_1 Latency Data Registers Read access only

... ... ...

0x1F IRQ_31 Latency Data Registers Read access only

0x20 Control Registers Read and Write access on LSB and Read only
for the remaining bits

0x21 Frequency Registers Read access only

0x22 Counter Stop Registers Read and Write access

0x23 Read data Valid Registers Read access only

0x24 IRQ Active Registers Read access only

36.2.1.1. Control Register

Table 367. ILC Control Register Fields

Field Name ILC Version IRQ Port Count IRQ TYPE Global Enable

Bit Location 31 8 7 2 1 0

The control registers of the Interrupt Latency Counter is divided into four fields. The
LSB is the global enable bit which by default stores a binary ‘0’. To enable the IP to
work, it must be set to binary ‘1’. The next bit denotes the IRQ type the IP is
configured to measure, with binary ‘0’ indicating it is sensitive to level type IRQ signal;
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while binary ‘1’ means the IP is accepting pulse type interrupt signal. The next six bits
stores the number of IRQ port count configured through the Platform Designer GUI.
Bit 8 through bit 31 stores the revision value of the ILC instance.

36.2.1.2. Frequency Register

Table 368. Frequency Register

Field Name System Frequency

Bit Location 31 0

The frequency registers stores the clock frequency supplied to the IP. This 32-bit read
only register holds system frequency data in Hz. For example, a 50 MHz clock signal is
represented by hexadecimal 0x2FAF080.

36.2.1.3. Counter Stop Registers

Table 369. Counter Stop Registers

Field Name Counter Stop Registers

Bit Location 31 0

If the ILC is configured to support the pulse IRQ signal, then the counter stop
registers are utilized by running software to halt the counter. Each bit corresponds to
the IRQ port. For example, bit 0 controls IRQ_0 counter. To stop the counter you have
to write a binary ‘1’ into the register. Counter stop registers do not affect the operation
of the ILC in level mode.

Note: You need to clear the counter stop register to properly capture the next round of IRQ
delay.

36.2.1.4. Latency Data Registers

Table 370. Latency Data Registers

Field Name Latency Data Registers

Bit Location 31 0

The latency data registers hold the latency value in terms of clock cycle from the
moment the interrupt signal is fired until the IRQ signal goes low for level
configuration or counter stop register being set for pulse configuration. This is a 32-bit
read only register with each address corresponding to one IRQ port. The latency data
registers can only be read three clock cycles after the IRQ signal goes low or when the
counter stop registers are set to high in the level and pulse operating mode,
respectively.

36.2.1.5. Data Valid Registers

Table 371. Data Valid Registers

Field Name Data Valid Registers

Bit Location 31 0
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The data valid registers indicate whether the data from the latency data registers are
ready to be read or not. By default, these registers hold a binary value of ‘0’ out of
reset. Once the counter data is transfered to the latency data register, the
corresponding bit within the data valid register is set to binary '1'. It reverts back to
binary ‘0’ after a read operation has been consumed by the ILC.

36.2.1.6. IRQ Active Registers

Table 372. IRQ Active Registers

Field Name IRQ Active Registers

Bit Location 31 0

The IRQ active registers allow user to know which channel's counter is actively
running. Each bit corresponds to the IRQ port. For example, bit 0 indicates the status
of IRQ_0. If the IP is configured to support level IRQ, a logical high on the register
indicates that the IRQ signal is held at logical 1. When the IP is configured to support
pulse IRQ signal, a logical high on the register indicates that the pulse IRQ has been
consumed and a logical 1 has not been written into the counter stop register.

36.2.2. 32-bit Counter

The 32-bit positive edge triggered D-flop base up counter takes in a reset signal which
clears all the registers to zero. It also has an enable signal that determines when the
counter operation is turned on or off.

36.2.3. Interrupt Detector

The interrupt detector can be customized to detect either signal edges or pulse using
the Platform Designer interface. The interrupt detector generates an enable signal to
start and stop the 32-bit counter.

36.3. Component Interface

Intel FPGA Interrupt Latency Calculator has an Avalon-MM agent interface which
communicates with the Interrupt service routine initiator.

The table below shows the component interface that is available on the Intel FPGA
Interrupt Latency Counter IP.

Table 373. Available Component Interfaces

Interface Port Description Remarks

Avalon-MM Agent (address , write,
waitrequest , writedata[31:0], read,
readdata[31:0])

Avalon-MM Agent interface for
processor to talk to the IP.

This Avalon-MM Agent interface
observes zero cycles read latency with
waitrequest signal. The waitrequest
signal defaults to binary ‘1’ if there is
no ongoing operation. If the Avalon-

continued...   
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Interface Port Description Remarks

MM Read or Write signal goes high, the
waitrequest signal only goes low if the
readdata_valid_register goes high.

Clock Clock input of component. Clock signal to feed the latency counter
logics.

Reset_n Active LOW reset input/s. Support asynchronous reset assertion.
De-assertion of reset has to be
synchronized to the input clock.

IRQ IRQ signal from the interrupt signal
initiator

Interrupt assertion and deassertion is
synchronized to input clock.

36.4. Component Parameterization

The table below shows the configuration parameters available on the Intel FPGA
Interrupt Latency Counter IP.

Table 374. Available Component Parameterizations

Parameter Name Description Default Value Allowable Range

INTERRUPT_TYPE Value 0: level sensitive
interrupt input
Value 1: edge/pulse
interrupt input

0 0,1

CLOCK_RATE Frequency of the clock signal
that is connected to the IP

0 0 – 2^32

IRQ_PORT_COUNT Configure number of IRQ
PORT to use

32 1 - 32

36.5. Software Access

Since the component supports two types of incoming interrupts - level and edge/
pulse, the software access routine for supporting each of the interrupt types has
slightly different expectations.

36.5.1. Routine for Level Sensitive Interrupts

The software access routine for level sensitive interrupts is as follows:

1. Upon completion of ISR, read the data valid bit to ensure that the data is "valid"
before reading the interrupt latency counter.

2. Read from the Latency Data Register to obtain the actual cycle spend for the
interrupt.
The value presented is in the amount of clock cycle associated with the clock
connected to Interrupt Latency Counter.

36.5.2. Routine for Edge/Pulse Sensitive Interrupts

The software access routine for edge/pulse sensitive interrupts is as follows:
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1. Upon completion of ISR, or at the end of ISR, software needs to write binary ‘1’ to
one of the 32-bit registers of the Counter Stop Register to stop the internal
counter from counting. The LSB represents counter 0 and the MSB represents
counter 31. This is the same as the level sensitive interrupt. Data valid bit is
recommended to be read before reading the latency counter.

2. Read from Latency Data Register to obtain the actual cycle spend for the interrupt.
The counter stop bit only needs clearing when the IP is configured to accept pulse
IRQ. If level IRQ is employed. The counter stop bit is ignored.

36.6. Implementation Details

36.6.1. Interrupt Latency Counter Architecture

Figure 129. Interrupt Latency Calculator Architecture
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The interrupt latency calculator operates on a single clock domain which is determined
by which clock it is receiving at the CLK interface. The interrupt detector circuit is
made up of a positive-edge triggered flop which delays the IRQ signal to be XORed
with the original signal. The pulse resulted from the previous operation is then fed to
an enable register where it will switch its state from logic ‘low’ to ‘high’. This will
trigger the counter to start its operation. Prior to this, the reset signal is assumed to
be triggered through the firmware. Once the Interrupt service routine has been
completed, the IRQ signal drops to logic low. This causes another pulse to be
generated to stop the counter. Data from the counter is then duplicated into the
latency data register to be read out.

When the interrupt detector is configured to react to a pulse signal, the incoming
pulse is fed directly to enable the register to turn on the counter. In this mode, to halt
the counter’s operation, you have to write a Boolean ‘1’ to the counter stop bit. Only
the first IRQ pulse can trigger the counter to start counting and that subsequent pulse
will not cause the counter to reset until a Boolean ‘1’ is written into the counter stop
register. In ‘pulse’ mode, the latency measured by the IP is one clock cycle more than
actual latency.
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36.7. IP Caveats

There are limitations in the Intel FPGA interrupt latency which the user needs to be
aware of. This limitation arises due to the nature of state machines which incurs a
period of clock cycle for state transitions.

1. The data latency registers cannot be read before a first IRQ is fired in any of the
32 channels. This causes the Waitrequest signal to be perpetually high which
would lead to a system stall.

2. The data registers can only be read three clock cycles after the counter registers
stop counting. These three clock cycles originate from the state machine moving
from the start state to the stop/store state. It takes an additional clock cycle to
propagate the data from the counter registers to the data store registers.

3. In the pulse IRQ mode, there is an idle cycle present between two consecutive
write commands into the counter stop register. So, in the event that channel 1 is
halted immediately after channel 0 is halted, then the minimum difference you see
in the registered values is 2.

4. The interrupt latency counter will not notify you if an overflow occurs but the
counter can count up to very huge numbers before an overflow happens. The
magnitude of the delay numbers reported will suggest that the system has hung
indefinitely.

36.8. Intel FPGA Interrupt Latency Counter Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 • Clarified the information in Avalon Memory-Mapped Interface Compliant
CSR Registers section.

• Added a new section IRQ Active Registers.
• Corrected the Figure: Interrupt Latency Calculator Architecture.

Date Version Changes

June 2016 2016.06.17 Updated:
• Table 366 on page 460 Added word address offset 0x24
• Data Valid Registers on page 461 Updated description
• Table 374 on page 463 Parameter name change
• IP Caveats on page 465 Added limitation 4

July 2014 2014.07.24 Initial Release

36. Intel FPGA Interrupt Latency Counter Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

465

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 466 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



37. Performance Counter Unit Core

37.1. Core Overview

The performance counter core with Avalon interface enables relatively unobtrusive,
real-time profiling of software programs. With the performance counter, you can
accurately measure execution time taken by multiple sections of code. You need only
add a single instruction at the beginning and end of each section to be measured.

The main benefit of using the performance counter core is the accuracy of the profiling
results. Alternatives include the following approaches:

• GNU profiler, gprof—gprof provides broad low-precision timing information
about the entire software system. It uses a substantial amount of RAM, and
degrades the real-time performance. For many embedded applications, gprof
distorts real-time behavior too much to be useful.

• Interval timer peripheral—The interval timer is less intrusive than gprof. It can
provide good results for narrowly targeted sections of code.

The performance counter core is unobtrusive, requiring only a single instruction to
start and stop profiling, and no RAM. It is appropriate for high-precision
measurements of narrowly targeted sections of code.

For further discussion of all three profiling methods, refer to AN 391: Profiling
Nios II Systems.

The core is designed for use in Avalon-based processor systems, such as a Nios II
or Nios V processor system. Intel FPGA device drivers enable the Nios II or Nios V
processor to use the performance counters.

37.2. Functional Description

The performance counter core is a set of counters which track clock cycles, timing
multiple sections of your software. You can start and stop these counters in your
software, individually or as a group. You can read cycle counts from hardware
registers.

The core contains two counters for every section:

• Time: A 64-bit clock cycle counter.

• Events: A 32-bit event counter.

37.2.1. Section Counters

Each 64-bit time counter records the aggregate number of clock cycles spent in a
section of code. The 32-bit event counter records the number of times the section
executes.
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The performance counter core can have up to seven section counters.

37.2.2. Global Counter

The global counter controls all section counters. The section counters are enabled only
when the global counter is running.

The 64-bit global clock cycle counter tracks the aggregate time for which the counters
were enabled. The 32-bit global event counter tracks the number of global events,
that is, the number of times the performance counter core has been enabled.

37.2.3. Register Map

The performance counter core has an Avalon Memory-Mapped (Avalon-MM) agent
interface that provides access to memory-mapped registers. Reading from the
registers retrieves the current times and event counts. Writing to the registers starts,
stops, and resets the counters.

Table 375. Performance Counter Core Register Map

Offset Register Name Bit Description

Read Write

31 ... 0 31 ... 1 0

0 T[0]lo global clock cycle counter [31: 0] (1) 0 = STOP
1 = RESET

1 T[0]hi global clock cycle counter [63:32] (1) 0 = START

2 Ev[0] global event counter (1) (1)

3 — (1) (1) (1)

4 T[1]lo section 1 clock cycle counter [31:0] (1) 1 = STOP

5 T[1]hi section 1 clock cycle counter [63:32] (1) 0 = START

6 Ev[1] section 1 event counter (1) (1)

7 — (1) (1) (1)

8 T[2]lo section 2 clock cycle counter [31:0] (1) 1 = STOP

9 T[2]hi section 2 clock cycle counter [63:32] (1) 0 = START

10 Ev[2] section 2 event counter (1) (1)

11 — (1) (1) (1)

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

4n + 0 T[n]lo section n clock cycle counter [31:0] (1) 1 = STOP

4n + 1 T[n]hi section n clock cycle counter [63:32] (1) 0 = START

4n + 2 Ev[n] section n event counter (1) (1)

4n + 3 — (1) (1) (1)

Note :
1. Reserved. Read values are undefined. When writing, set reserved bits to zero.
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37.2.4. System Reset

After a system reset, the performance counter core is stopped and disabled, and all
counters are set to zero.

37.3. Configuration

The following sections list the available options in the MegaWizard™ interface.

37.3.1. Define Counters

Choose the number of section counters you want to generate by selecting from the
Number of simultaneously-measured sections list. The performance counter core
may have up to seven sections. If you require more that seven sections, you can
instantiate multiple performance counter cores.

37.3.2. Multiple Clock Domain Considerations

If your Platform Designer system uses multiple clocks, place the performance counter
core in the same clock domain as the CPU. Otherwise, it is not possible to convert
cycle counts to seconds correctly.

37.4. Hardware Simulation Considerations

You can use this core in simulation with no special considerations.

37.5. Software Programming Model

The following sections describe the software programming model for the performance
counter core.

37.5.1. Software Files

Intel provides the following software files for Nios II and Nios V processors systems.
These files define the low-level access to the hardware and provide control and
reporting functions. Do not modify these files.

• altera_avalon_performance_counter.h,
altera_avalon_performance_counter.c—The header and source code for
the functions and macros needed to control the performance counter core and
retrieve raw results.

• perf_print_formatted_report.c—The source code for simple profile
reporting.

37.5.2. Using the Performance Counter

In a Nios II or Nios V processor system, you can control the performance counter core
with a set of highly efficient C macros, and extract the results with C functions.

API Summary
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The Nios II or Nios V processor application program interface (API) for the
performance counter core consists of functions, macros, and constants.

Table 376. Performance Counter Macros and Functions

Name Summary

PERF_RESET() Stops and disables all counters, resetting them to 0.

PERF_START_MEASURING() Starts the global counter and enables section counters.

PERF_STOP_MEASURING() Stops the global counter and disables section counters.

PERF_BEGIN() Starts timing a code section.

PERF_END() Stops timing a code section.

perf_print_formatted_report() Sends a formatted summary of the profiling results to
stdout.

perf_get_total_time() Returns the aggregate global profiling time in clock cycles.

perf_get_section_time() Returns the aggregate time for one section in clock cycles.

perf_get_num_starts() Returns the number of counter events.

alt_get_cpu_freq() Returns the CPU frequency in Hz.

For a complete description of each macro and function, see the Performance
counter API section.

Hardware Constants

You can get the performance counter hardware parameters from constants defined in
system.h. The constant names are based on the performance counter instance
name, specified on the System Contents tab in Platform Designer.

Table 377. Performance Counter Constants

Name (1) Meaning

PERFORMANCE_COUNTER_BASE Base address of core

PERFORMANCE_COUNTER_SPAN Number of hardware registers

PERFORMANCE_COUNTER_HOW_MANY_SECTIONS Number of section counters

Note :
1. Example based on instance name performance_counter.

Startup

Before using the performance counter core, invoke PERF_RESET to stop, disable and
zero all counters.

Global Counter Usage

Use the global counter to enable and disable the entire performance counter core. For
example, you might choose to leave profiling disabled until your software has
completed its initialization.
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Section Counter Usage

To measure a section in your code, surround it with the macros PERF_BEGIN() and
PERF_END(). These macros consist of a single write to the performance counter core.

You can simultaneously measure as many code sections as you like, up to the number
specified in Platform Designer. See the Define Counters section for details. You can
start and stop counters individually, or as a group.

Typically, you assign one counter to each section of code you intend to profile.
However, in some situations you may wish to group several sections of code in a single
section counter. As an example, to measure general interrupt overhead, you can
measure all interrupt service routines (ISRs) with one counter.

To avoid confusion, assign a mnemonic symbol for each section number.

Viewing Counter Values

Library routines allow you to retrieve and analyze the results. Use
perf_print_formatted_report() to list the results to stdout, as shown below.

Table 378. Example 1:

perf_print_formatted_report(
     (void *)PERFORMANCE_COUNTER_BASE, // Peripheral's HW base address
     alt_get_cpu_freq(),               // defined in "system.h"
     3,                                // How many sections to print
     "1st checksum_test",              // Display-names of sections
     "pc_overhead",

     "ts_overhead");

The example below creates a table similar to this result.

Table 379. Example 2:

--Performance Counter Report--

Total Time: 2.07711 seconds (103855534 clock-cycles)

+-----------------+--------+-----------+---------------+-----------+

| Section         |    %   | Time (sec)| Time (clocks) |Occurrences|

+-----------------+--------+-----------+---------------+-----------+

|1st checksum_test|     50 |   1.03800 |      51899750 |         1 |

+-----------------+--------+-----------+---------------+-----------+

| pc_overhead     |1.73e-05|   0.00000 |            18 |         1 |

+-----------------+--------+-----------+---------------+-----------+

| ts_overhead     |4.24e-05|   0.00000 |            44 |         1 |

+-----------------+--------+-----------+---------------+-----------+

For full documentation of perf_print_formatted_report(), see the Performance and Counter API section.

37.5.3. Interrupt Behavior

The performance counter core does not generate interrupts.

You can start and stop performance counters, and read raw performance results, in an
interrupt service routine (ISR). Do not call the perf_print_formatted_report()
function from an ISR.
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If an interrupt occurs during the measurement of a section of code, the time taken by
the CPU to process the interrupt and return to the section is added to the
measurement time. The same applies to context switches in a multi-threaded
environment. Your software must take appropriate measures to avoid or handle these
situations.

37.6. Performance Counter API

This section describes the application programming interface (API) for the
performance counter core.

For Nios II and Nios V processors users, Intel provides routines to access the
performance counter core hardware. These functions are specific to the performance
counter core and directly manipulate low level hardware. The performance counter
core cannot be accessed via the HAL API or the ANSI C standard library.

37.6.1. PERF_RESET()

Prototype: PERF_RESET(p)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters: p—performance counter core base address.

Returns: —

Description: Macro PERF_RESET() stops and disables all counters, resetting them to 0.

37.6.2. PERF_START_MEASURING()

Prototype: PERF_START_MEASURING(p)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters: p—performance counter core base address.

Returns: —

Description: Macro PERF_START_MEASURING() starts the global counter, enabling the performance counter core.
The behavior of individual section counters is controlled by PERF_BEGIN() and PERF_END().
PERF_START_MEASURING() defines the start of a global event, and increments the global event
counter. This macro is a single write to the performance counter core.

37.6.3. PERF_STOP_MEASURING()

Prototype: PERF_STOP_MEASURING(p)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>
continued...   
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Parameters: p—performance counter core base address.

Returns: —

Description: Macro PERF_STOP_MEASURING() stops the global counter, disabling the performance counter core.
This macro is a single write to the performance counter core.

37.6.4. PERF_BEGIN()

Prototype: PERF_BEGIN(p,n)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters: p—performance counter core base address.
n—counter section number. Section counter numbers start at 1. Do not refer to counter 0 in this macro.

Returns: —

Description: Macro PERF_BEGIN() starts the timer for a code section, defining the beginning of a section event, and
incrementing the section event counter. If you subsequently use PERF_STOP_MEASURING() and
PERF_START_MEASURING() to disable and re-enable the core, the section counter will resume. This
macro is a single write to the performance counter core.

37.6.5. PERF_END()

Prototype: PERF_END(p,n)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters: p—performance counter core base address.
n—counter section number. Section counter numbers start at 1. Do not refer to counter 0 in this macro.

Returns: —

Description: Macro PERF_END() stops timing a code section. The section counter does not run, regardless whether
the core is enabled or not. This macro is a single write to the performance counter core.

37.6.6. perf_print_formatted_report()

Prototype: int perf_print_formatted_report (

    void* perf_base,

    alt_u32 clock_freq_hertz,

    int num_sections,

    char* section_name_1, ...

    char* section_name_n)

Thread-safe: No.

Available from ISR: No.

Include: <altera_avalon_performance_counter.h>

Parameters: perf_base—Performance counter core base address.

continued...   
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clock_freq_hertz—Clock frequency.
num_sections—The number of section counters to display. This must not exceed
<instance_name>_HOW_MANY_SECTIONS.
section_name_1 ... section_name_n—The section names to display. The number of section
names varies depending on the number of sections to display.

Returns: 0

Description: Function perf_print_formatted_report() reads the profiling results from the performance counter
core, and prints a formatted summary table.
This function disables all counters. However, for predictable results in a multi-threaded or interrupt
environment, invoke PERF_STOP_MEASURING() when you reach the end of the code to be measured,
rather than relying on perf_print_formatted_report().

37.6.7. perf_get_total_time()

Prototype: alt_u64 perf_get_total_time(void* hw_base_address)

Thread-safe: No.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters: hw_base_address—base address of performance counter core.

Returns: Aggregate global time in clock cycles.

Description: Function perf_get_total_time() reads the raw global time. This is the aggregate time, in clock
cycles, that the performance counter core has been enabled. This function has the side effect of
stopping the counters.

37.6.8. perf_get_section_time()

Prototype: alt_u64 perf_get_section_time

    (void* hw_base_address, int which_section)

Thread-safe: No.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters: hw_base_address—performance counter core base address.
which_section—counter section number.

Returns: Aggregate section time in clock cycles.

Description: Function perf_get_section_time() reads the raw time for a given section. This is the time, in clock
cycles, that the section has been running. This function has the side effect of stopping the counters.

37.6.9. perf_get_num_starts()

Prototype: alt_u32 perf_get_num_starts

    (void* hw_base_address, int which_section)

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>
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Parameters: hw_base_address—performance counter core base address.
which_section—counter section number.

Returns: Number of counter events.

Description: Function perf_get_num_starts() retrieves the number of counter events (or times a counter has
been started). If which_section = 0, it retrieves the number of global events (times the performance
counter core has been enabled). This function does not stop the counters.

37.6.10. alt_get_cpu_freq()

Prototype: alt_u32 alt_get_cpu_freq()

Thread-safe: Yes.

Available from ISR: Yes.

Include: <altera_avalon_performance_counter.h>

Parameters:

Returns: CPU frequency in Hz.

Description: Function alt_get_cpu_freq() returns the CPU frequency in Hz.

37.7. Performance Counter Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
• Core Overview
• Software Files
• Using the Performance Counter
• Performance Counter API

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

June 2015 2015.06.12 Updated "Performance Counter Core Register Map" table.

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 Updated perf_print_formatted_report() to remove the restriction
on using small C library.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Updated the parameter description of the function
perf_print_formatted_report().
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38. Vectored Interrupt Controller Core

38.1. Core Overview

The ability to process interrupt events quickly and to handle large numbers of
interrupts can be critical to many embedded systems. The Vectored Interrupt
Controller (VIC) is designed to address these requirements. The VIC can provide
interrupt performance four to five times better than the Nios II processor’s default
internal interrupt controller (IIC). The VIC also allows expansion to a virtually
unlimited number of interrupts, through daisy chaining.

The vectored interrupt controller (VIC) core serves the following main purposes:

• Provides an interface to the interrupts in your system

• Reduces interrupt overhead

• Manages large numbers of interrupts

The VIC offers high-performance, low-latency interrupt handling. The VIC
prioritizes interrupts in hardware and outputs information about the highest-
priority pending interrupt. When external interrupts occur in a system containing a
VIC, the VIC determines the highest priority interrupt, determines the source that
is requesting service, computes the requested handler address (RHA), and
provides information, including the RHA, to the processor.

The VIC core contains the following interfaces:

• Up to 32 interrupt input ports per VIC core

• One Avalon Memory-Mapped (Avalon-MM) agent interface to access the internal
control status registers (CSR)

• One Avalon Streaming (Avalon-ST) interface output interface to pass information
about the selected interrupt

• One optional Avalon-ST interface input interface to receive the Avalon-ST output in
systems with daisy-chained VICs

The Sample System Layout Figure below outlines the basic layout of a system
containing two VIC components.
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Figure 130. Sample System Layout

The VIC core provides the following features:

Core

Avalon-MM Interconnect Fabric

Core Core CoreVIC VIC

CPU

.... ....

IRQIRQ IRQIRQ

Avalon-ST

Avalon-ST

To use the VIC, the processor in your system needs to have a matching Avalon-ST
interface to accept the interrupt information, such as the Nios II processor's external
interrupt controller interface.

The characteristics of each interrupt port are configured via the Avalon-MM agent
interface. When you need more than 32 interrupt ports, you can daisy chain multiple
VICs together.

• Separate programmable requested interrupt level (RIL) for each interrupt

• Separate programmable requested register set (RRS) for each interrupt, to tell the
interrupt handler which processor register set to use

• Separate programmable requested non-maskable interrupt (RNMI) flag for each
interrupt, to control whether each interrupt is maskable or non-maskable

• Software-controlled priority arbitration scheme

The VIC core is Platform Designer ready and integrates easily into any Platform
Designer generated system. For the Nios II processor, Intel provides Hardware
Abstraction Layer (HAL) driver routines for the VIC core. Refer to to Intel FPGA
HAL Software Programming Model section for HAL support details.
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38.2. Functional Description

Figure 131. VIC Block Diagram
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38.2.1. External Interfaces

The following sections describe the external interfaces for the VIC core.

38.2.1.1. clk

clk is a system clock interface. This interface connects to your system’s main clock
source. The interface’s signals are clk and reset_n.

38.2.1.2. irq_input

irq_input comprises up to 32 single-bit, level-sensitive Avalon interrupt receiver
interfaces. These interfaces connect to interrupt sources. There is one irq signal for
each interface.

38.2.1.3. interrupt_controller_out

interrupt_controller_out is an Avalon-ST output interface, as defined in the
VIC Avalon-ST Interface Fields, configured with a ready latency of 0 cycles. This
interface connects to your processor or to the interrupt_controller_in interface
of another VIC. The interface’s signals are valid and data.

Table 380. interrupt_controller_out and interrupt_controller_in Parameters

Parameter Value

Symbol width 45 bits

Ready latency 0 cycles

38.2.1.4. interrupt_controller_in

interrupt_controller_in is an optional Avalon-ST input interface, as defined in
VIC Avalon-ST Interface Fields, configured with a ready latency of 0 cycles.
Include this interface in the second, third, etc, VIC components of a daisy-chained

38. Vectored Interrupt Controller Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

477

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 478 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



multiple VIC system. This interface connects to the interrupt_controller_out
interface of the immediately-preceding VIC in the chain. The interface’s signals are
valid and data.

The interrupt_controller_out and interrupt_controller_in interfaces
have identical Avalon-ST formats so you can daisy chain VICs together in Platform
Designer when you need more than 32 interrupts. interrupt_controller_out
always provides valid data and cannot be back-pressured.

Table 381. VIC Avalon-ST Interface Fields

44 ... ... 13 12-7 6 5-0

RHA(37) RRS  (38) RNMI (3
8)

RIL(38)

38.2.1.5. csr_access

csr_access is a VIC CSR interface consisting of an Avalon-MM agent interface. This
interface connects to the data host of your processor. The interface’s signals are read,
write, address, readdata, and writedata.

Table 382. csr_access Parameters

Parameter Value

Read wait 1 cycle

Write wait 0 cycles

Ready latency 1 cycles

For information about the Avalon-MM agent and Avalon-ST interfaces, refer to the
Avalon Interface Specifications.

Related Information

Avalon Interface Specifications

38.2.2. Functional Blocks

The following main design blocks comprise the VIC core:

• Interrupt request block

• Priority processing block

• Vector generation block

38.2.2.1. Interrupt Request Block

The interrupt request block controls the input interrupts, providing functionality such
as setting interrupt levels, setting the per-interrupt programmable registers, masking
interrupts, and managing software-controlled interrupts. You configure the number of
interrupt input ports when you create the component. Refer to Parameters section
for configuration options.

(37) RHA contains the 32-bit address of the interrupt handling routine.

(38) Refer to The INT_CONFIG Register Map Table for a description of this field.
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This block contains the majority of the VIC CSRs. The CSRs are accessed via the
Avalon-MM agent interface.

Optional output from another VIC core can also come into the interrupt request block.
Refer to the Daisy Chaining VIC Cores section for more information.

Each interrupt can be driven either by its associated irq_input signal (connected to
a component with an interrupt source) or by a software trigger controlled by a CSR
(even when there is no interrupt source connected to the irq_input signal).

Figure 132. Interrupt Request Block
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38.2.2.2. Priority Processing Block

The priority processing block chooses the interrupt with the highest priority. The block
receives information for each interrupt from the interrupt request block and passes
information for the highest priority interrupt to the vector generation block.

The interrupt request with the numerically-largest requested interrupt level field (RIL)
has priority. If multiple interrupts are pending with the same numerically-largest RIL,
the numerically-lowest IRQ index of those interrupts has priority.

The RIL is a programmable interrupt level per port. An RIL value of zero disables the
interrupt. You configure the bit width of the RIL when you create the component.
Refer to the Parameters section for configuration options.

For more information about the RIL, refer to the INT_CONFIG register in the Register
Map section of this chapter.

Related Information

Register Maps on page 481
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38.2.2.3. Vector Generation Block

The vector generation block receives information for the highest priority interrupt from
the priority processing block. The vector generation block uses the port identifier
passed from the priority processing block along with the vector base address and
bytes per vector programmed in the CSRs during software initialization to compute the
RHA.

Table 383. RHA Calculation

RHA = (port identifier x bytes per vector) + vector base address

The information then passes out of the vector generation block and the VIC using the
Avalon-ST interface. Refer to the VIC Avalon-ST Interface Fields table for details
about the outgoing information. The output from the VIC typically connects to a
processor or another VIC, depending on the design.

38.2.3. Daisy Chaining VIC Cores

You can create a system with more than 32 interrupts by daisy chaining multiple VIC
cores together. This is done by connecting the interrupt_controller_out
interface of one VIC to the optional interrupt_controller_in interface of another
VIC. For information about enabling the optional input interface, refer to the
Parameters section.

For performance reasons, always directly connect VIC components. Do not include
other components between VICs.

When daisy chain input comes into the VIC, the priority processing block considers the
daisy chain input along with the hardware and software interrupt inputs from the
interrupt request block to determine the highest priority interrupt. If the daisy chain
input has the highest RIL value, then the vector generation block passes the daisy
chain port values unchanged directly out of the VIC.

You can daisy chain VICs with fewer than 32 interrupt ports. The number of daisy
chain connections is only limited to the hardware and software resources. Refer to the
Latency Information section for details about the impact of multiple VICs.

Intel recommends setting the RIL width to the same value in all daisy-chained VIC
components. If your RIL widths are different, wider RILs from upstream VICs are
truncated.

38.2.4. Latency Information

The latency of an interrupt request traveling through the VIC is the sum of the delay
through each of the blocks. Clock delays in the interrupt request block and the vector
generation block are constants. The clock delay in the priority processing block varies
depending on the total number of interrupt ports.
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Table 384. Default Interrupt Latencies

Number of Interrupt
Ports

Interrupt Request
Block Delay

Priority Processing
Block Delay

Vector Generation
Block Delay

Total Interrupt
Latency

1 1 cycle 0 cycles 1 cycle 2 cycles

2 – 4 1 cycle 1 cycle 1 cycle 3 cycles

5 – 16 1 cycle 2 cycles 1 cycle 4 cycles

17 – 32 1 cycle 3 cycles 1 cycle 5 cycles

When daisy-chaining multiple VICs, interrupt latency increases as you move through
the daisy chain away from the processor. For best performance, assign interrupts with
the lowest latency requirements to the VIC connected directly to the processor.

38.3. Register Maps

The VIC core CSRs are accessible through the Avalon-MM interface. Software can
configure the core and determine current status by accessing the registers.

Each register has a 32-bit interface that is not byte-enabled. You must access these
registers with a host that is at least 32 bits wide.

Table 385. Control Status Registers

Offset Register Name Access Reset
Value

Description

0 – 31 INT_CONFIG<n> R/W 0 There are 32 interrupt configuration registers
(INT_CONFIG0 – INT_CONFIG31). Each register contains
fields to configure the behavior of its corresponding
interrupt. If an interrupt input does not exist, reading the
corresponding register always returns zero, and writing is
ignored. Refer to the INT_CONFIG Register Map table
for the INT_CONFIG register map.

32 INT_ENABLE R/W 0 The interrupt enable register. INT_ENABLE holds the
enabled status of each interrupt input. The 32 bits of the
register map to the 32 interrupts available in the VIC core.
For example, bit 5 corresponds to IRQ5. (39)

Interrupts that are not enabled are never considered by
the priority processing block, even when the interrupt
input is asserted. This applies to both maskable and non-
maskable interrupts.

33 INT_ENABLE_SET W 0 The interrupt enable set register. Writing a 1 to a bit in
INT_ENABLE_SET sets the corresponding bit in
INT_ENABLE. Writing a 0 to a bit has no effect. Reading
from this register always returns 0. (39)

34 INT_ENABLE_CLR W 0 The interrupt enable clear register. Writing a 1 to a bit in
INT_ENABLE_CLR clears corresponding bit in
INT_ENABLE. Writing a 0 to a bit has no effect. Reading
from this register always returns 0. (39)

35 INT_PENDING R 0 The interrupt pending register. INT_PENDING shows the
pending interrupts. Each bit corresponds to one interrupt
input.
If an interrupt does not exist, reading its corresponding
INT_PENDING bit always returns 0, and writing is ignored.

continued...   
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Offset Register Name Access Reset
Value

Description

Bits in INT_PENDING are set in the following ways:
An external interrupt is asserted at the VIC interface and
the corresponding INT_ENABLE bit is set.
An SW_INTERRUPT bit is set and the corresponding
INT_ENABLE bit is set.
INT_PENDING bits remain set as long as either condition
applies. Refer to the Interrupt Request Block for
details. (39)

36 INT_RAW_STATUS R 0 The interrupt raw status register. INT_RAW_STATUS shows
the unmasked state of the interrupt inputs.
If an interrupt does not exist, reading the corresponding
INT_RAW_STATUS bit always returns 0, and writing is
ignored.
A set bit indicates an interrupt is asserted at the interface
of the VIC. The interrupt is asserted to the processor only
when the corresponding bit in the interrupt enable register
is set. (39)

37 SW_INTERRUPT R/W 0 The software interrupt register. SW_INTERRUPT drives the
software interrupts. Each interrupt is ORed with its
external hardware interrupt and then enabled with
INT_ENABLE. Refer to the Interrupt Request Block for
details. (39)

38 SW_INTERRUPT_SET W 0 The software interrupt set register. Writing a 1 to a bit in
SW_INTERRUPT_SET sets the corresponding bit in
SW_INTERRUPT. Writing a 0 to a bit has no effect. Reading
from this register always returns 0. (39)

39 SW_INTERRUPT_CLR W 0 The software interrupt clear register. Writing a 1 to a bit in
SW_INTERRUPT_CLR clears the corresponding bit in
SW_INTERRUPT. Writing a 0 to a bit has no effect. Reading
from this register always returns 0. 

40 VIC_CONFIG R/W 0 The VIC configuration register. VIC_CONFIG allows
software to configure settings that apply to the entire VIC.
Refer to the VIC_CONFIG Register Map table for the
VIC_CONFIG register map.

continued...   

(39) This register contains a 1-bit field for each of the 32 interrupt inputs. When the VIC is
configured for less than 32 interrupts, the corresponding 1-bit field for each unused interrupts
is tied to zero. Reading these locations always returns 0, and writing is ignored. To determine
which interrupts are present, write the value 0xffffffff to the register and then read the
register contents. Any bits that return zero do not have an interrupt present.
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Offset Register Name Access Reset
Value

Description

41 VIC_STATUS R 0 The VIC status register. VIC_STATUS shows the current
status of the VIC. Refer to the VIC_STATUS Register
Map table for the VIC_STATUS register map.

42 VEC_TBL_BASE R/W 0 The vector table base register. VEC_TBL_BASE holds the
base address of the vector table in the processor’s
memory space. Because the table must be aligned on a 4-
byte boundary, bits 1:0 must always be 0.

43 VEC_TBL_ADDR R 0 The vector table address register. VEC_TBL_ADDR
provides the RHA for the IRQ value with the highest
priority pending interrupt. If no interrupt is active, the
value in this register is 0.
If daisy chain input is enabled and is the highest priority
interrupt, the vector table address register contains the
RHA value from the daisy chain input interface.

Table 386. The INT_CONFIG Register Map

Bits Field Name Access Reset
Value

Description

0:5 RIL R/W 0 The requested interrupt level field. RIL contains the interrupt level of
the interrupt requesting service. The processor can use the value in
this field to determine if the interrupt is of higher priority than what
the processor is currently doing.

6 RNMI R/W 0 The requested non-maskable interrupt field. RNMI contains the non-
maskable interrupt mode of the interrupt requesting service. When
0, the interrupt is maskable. When 1, the interrupt is non-maskable.

7:12 RRS R/W 0 The requested register set field. RRS contains the number of the
processor register set that the processor should use for processing
the interrupt. Software must ensure that only register values
supported by the processor are used.

13:31 Reserved

For expanded definitions of the terms in the INT_CONFIG Register Map table, refer
to the Exception Handling chapter of the Nios II Software Developer’s Handbook.

Table 387. The VIC_CONFIG Register Map

Bits Field Name Access Reset
Value

Description

0:2 VEC_SIZE R/W 0 The vector size field. VEC_SIZE specifies the number of bytes in each
vector table entry. VEC_SIZE is encoded as log2 (number of words) - 2.
Namely:
0—4 bytes per vector table entry
1—8 bytes per vector table entry
2—16 bytes per vector table entry
3—32 bytes per vector table entry
4—64 bytes per vector table entry
5—128 bytes per vector table entry
6—256 bytes per vector table entry
7—512 bytes per vector table entry

3 DC R/W 0 The daisy chain field. DC serves the following purposes:
Enables and disables the daisy chain input interface, if present. Write a 1
to enable the daisy chain interface; write a 0 to disable it.

continued...   
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Bits Field Name Access Reset
Value

Description

Detects the presence of the daisy chain input interface. To detect, write a
1 to DC and then read DC. A return value of 1 means the daisy chain
interface is present; 0 means the daisy chain interface is not present.

4:31 Reserved

Table 388. The VIC_STATUS Register Map

Bits Field
Name

Access Reset
Value

Description

0:5 HI_PRI_
IRQ

R 0 The highest priority interrupt field. HI_PRI_IRQ contains the IRQ number of the
active interrupt with the highest RIL. When there is no active interrupt (IP is 0),
reading from this field returns 0.
When the daisy chain input is enabled and it is the highest priority interrupt, then
the value read from this field is 32.
Bit 5 always reads back 0 when the daisy chain input is not present.

6:30 Reserved

31 IP R 0 The interrupt pending field. IP indicates when there is an interrupt ready to be
serviced. A 1 indicates an interrupt is pending; a 0 indicates no interrupt is
pending.

Related Information

• Exception Handling

• Priority Processing Block on page 479
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38.4. Parameters

Generation-time parameters control the features present in the hardware.The table
below lists and describes the parameters you can configure.

Table 389. Parameters for VIC Core

Parameter Legal Values Defaul
t

Description

Number of interrupts 1 – 32 8 Specifies the number of irq_input interrupt interfaces.

RIL width 1 – 6 4 Specifies the bit width of the requested interrupt level.

Daisy chain enable True / False False Specifies whether or not to include an input interface for
daisy chaining VICs together.

Override Default
Interrupt Signal
Latency

True/False False Allows manual specification of the interrupt signal latency.

Manual Interrupt Signal
Latency

2 – 5 2 Specifies the number of cycles it takes to process incoming
interrupt signals.

Because multiple VICs can exist in a single system, Platform Designer assigns a
unique interrupt controller identification number to each VIC generated.

Keep the following considerations in mind when connecting the core in your Platform
Designer system:

• The CSR access interface (csr_access) connects to a data host port on your
processor.

• The daisy chain input interface (interrupt_controller_in) is only visible
when the daisy chain enable option is on.

• The interrupt controller output interface (interrupt_controller_out)
connects either to the EIC port of your processor, or to another VIC’s daisy chain
input interface (interrupt_controller_in).

• For Platform Designer interoperability, the VIC core includes an Avalon-MM host
port. This host interface is not used to access memory or peripherals. Its purpose
is to allow peripheral interrupts to connect to the VIC in Platform Designer. The
port must be connected to an Avalon-MM agent to create a valid Platform Designer
system. Then at system generation time, the unused host port is removed during
optimization. The most simple solution is to connect the host port directly into the
CSR access interface (csr_access).

• Platform Designer automatically connects interrupt sources when instantiating
components. When using the provided HAL device driver for the VIC, daisy
chaining multiple VICs in a system requires that each interrupt source is
connected to exactly one VIC. You need to manually remove any extra
connections.
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38.5. Intel FPGA HAL Software Programming Model

The Intel-provided driver implements a HAL device driver that integrates with a HAL
board support package (BSP) for Nios II systems. HAL users should access the VIC
core via the familiar HAL API.

38.5.1. Software Files

The VIC driver includes the following software files. These files provide low-level
access to the hardware and drivers that integrate with the Nios II HAL BSP. Application
developers should not modify these files.

• altera_vic_regs.h—Defines the core’s register map, providing symbolic
constants to access the low-level hardware.

• altera_vic_funnel.h, altera_vic_irq.h, altera_vic_macros.h—Define
the prototypes and macros necessary for the VIC driver.

• altera_vic.c, altera_vic_irq_init.c, altera_vic_isr_register.c,
altera_vic_sw_intr.c, altera_vic_set_level.c,
altera_vic_funnel_non_preemptive_nmi.S,
altera_vic_funnel_non_preemptive.S, and altera_vic_funnel_preemptive.S
—Provide the code that implements the VIC driver.

• altera_<name>_vector_tbl.S—Provides a vector table file for each VIC in the
system. The BSP generator creates these files.

38.5.2. Macros

Macros to access all of the registers are defined in altera_vic_regs.h. For example,
this file includes macros to access the INT_CONFIG register, including the following
macros:

#define IOADDR_ALTERA_VIC_INT_CONFIG(base, irq)
   __IO_CALC_ADDRESS_NATIVE(base, irq)
#define IORD_ALTERA_VIC_INT_CONFIG(base, irq) IORD(base, irq)
#define IOWR_ALTERA_VIC_INT_CONFIG(base, irq, data) IOWR(base, irq,
data)
#define ALTERA_VIC_INT_CONFIG_RIL_MSK (0x3f)
#define ALTERA_VIC_INT_CONFIG_RIL_OFST (0)
#define ALTERA_VIC_INT_CONFIG_RNMI_MSK (0x40)
#define ALTERA_VIC_INT_CONFIG_RNMI_OFST (6)
#define ALTERA_VIC_INT_CONFIG_RRS_MSK (0x1f80)
#define ALTERA_VIC_INT_CONFIG_RRS_OFST (7)

For a complete list of predefined macros and utilities to access the VIC hardware, refer
to the following files:

• <install_dir>\ip\altera\altera_vectored_interrupt_controller\top\inc
\altera_vic_regs.h

• <install_dir>\ip\altera\altera_vectored_interrupt_controller\top\HAL\inc
\altera_vic_funnel.h

• <install_dir>\ip\altera\altera_vectored_interrupt_controller\top\HAL\inc
\altera_vic_irq.h
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38.5.3. Data Structure

Example 10. Device Data Structure

#define ALT_VIC_MAX_INTR_PORTS          (32)

typedef struct alt_vic_dev
{
   void       *base;                   /* Base address of VIC */
   alt_u32    intr_controller_id;      /* Interrupt controller ID */
   alt_u32    num_of_intr_ports;       /* Number of interrupt ports */
   alt_u32    ril_width;               /* RIL width */
   alt_u32    daisy_chain_present;     /* Daisy-chain input present */
   alt_u32    vec_size;                /* Vector size */
   void       *vec_addr;               /* Vector table base address */
   alt_u32    int_config[ALT_VIC_MAX_INTR_PORTS]; /* INT_CONFIG settings
                                                     for each interrupt */

} alt_vic_dev;

38.5.4. VIC API

The VIC device driver provides all the routines required of an Intel FPGA HAL external
interrupt controller (EIC) device driver. The following functions are required by the
Nios II enhanced HAL interrupt API:

• alt_ic_isr_register()

• alt_ic_irq_enable()

• alt_ic_irq_disable()

• alt_ic_irq_enabled()

These functions write to the register map to change the setting or read from the
register map to check the status of the VIC component through a memory-
mapped address.

For detailed descriptions of these functions, refer to the to the HAL API Reference
chapter of the Nios II Software Developer’s Handbook.

The table below lists the API functions specific to the VIC core and briefly
describes each. Details of each function follow the table.

Table 390. Function List

Name Description

alt_vic_sw_interrupt_set() Sets the corresponding bit in the SW_INTERRUPT register to
enable a given interrupt via software.

alt_vic_sw_interrupt_clear() Clears the corresponding bit in the SW_INTERRUPT register
to disable a given interrupt via software.

alt_vic_sw_interrupt_status() Reads the status of the SW_INTERRUPT register for a given
interrupt.

alt_vic_irq_set_level() Sets the interrupt level for a given interrupt.

Related Information

HAL API Reference
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38.5.4.1. alt_vic_sw_interrupt_set()

Prototype: int alt_vic_sw_interrupt_set(alt_u32 ic_id, alt_u32 irq)

Thread-safe: No

Available from
ISR:

No

Include: altera_vic_irq.h, altera_vic_regs.h

Parameters: ic_id—the interrupt controller identification number as defined in system.h
irq—the interrupt value as defined in system.h

Returns: Returns zero if successful; otherwise non-zero for one or more of the following reasons:
The value in ic_id is invalid
The value in irq is invalid

Description: Triggers a single software interrupt

38.5.4.2. alt_vic_sw_interrupt_clear()

Prototype: int alt_vic_sw_interrupt_clear(alt_u32 ic_id, alt_u32 irq)

Thread-safe: No

Available from
ISR:

Yes; if interrupt preemption is enabled, disable global interrupts before calling this routine.

Include: altera_vic_irq.h, altera_vic_regs.h

Parameters: ic_id—the interrupt controller identification number as defined in system.h
irq—the interrupt value as defined in system.h

Returns: Returns zero if successful; otherwise non-zero for one or more of the following reasons:
The value in ic_id is invalid
The value in irq is invalid

Description: Clears a single software interrupt

38.5.4.3. alt_vic_sw_interrupt_status()

Prototype: alt_u32 alt_vic_sw_interrupt_status(alt_u32 ic_id, alt_u32 irq)

Thread-safe: No

Available from
ISR:

Yes; if interrupt preemption is enabled, disable global interrupts before calling this routine.

Include: altera_vic_irq.h, altera_vic_regs.h

Parameters: ic_id—the interrupt controller identification number as defined in system.h
irq—the interrupt value as defined in system.h

Returns: Returns non-zero if the corresponding software trigger interrupt is active; otherwise zero for one or
more of the following reasons:
The corresponding software trigger interrupt is disabled
The value in ic_id is invalid
The value in irq is invalid

Description: Checks the software interrupt status for a single interrupt
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38.5.4.4. alt_vic_irq_set_level()

Prototype: int alt_vic_irq_set_level(alt_u32 ic_id, alt_u32 irq, alt_u32 level)

Thread-safe: No

Available from
ISR:

No

Include: altera_vic_irq.h, altera_vic_regs.h

Parameters: ic_id—the interrupt controller identification number as defined in system.h
irq—the interrupt value as defined in system.h
level—the interrupt level to set

Returns: Returns zero if successful; otherwise non-zero for one or more of the following reasons:
The value in ic_id is invalid
The value in irq is invalid
The value in level is invalid

Description: Sets the interrupt level for a single interrupt.
Intel recommends setting the interrupt level only to zero to disable the interrupt or to the original
value specified in your BSP. Writing any other value could violate the overlapping register set,
priority level, and other design rules. Refer to the VIC BSP Design Rules for to Intel FPGA HAL
Implementation section for more information.

38.5.5. Run-time Initialization

During system initialization, software configures the each VIC instance's control
registers using settings specified in the BSP. The RIL, RRS, and RNMI fields are written
into the interrupt configuration register of each interrupt port in each VIC. All
interrupts are disabled until other software registers a handler using the
alt_ic_isr_register() API.

38.5.6. Board Support Package

The BSP you generate for your Nios II system provides access to the hardware in your
system, including the VIC. The VIC driver includes scripts that the BSP generator calls
to get default interrupt settings and to validate settings during BSP generation. The
Nios II BSP Editor provides a mechanism to edit these settings and generate a BSP for
your Platform Designer design.

The generator produces a vector table file for each VIC in the system, named
altera_<name>_vector_tbl.S. The vector table's source path is added to the BSP
Makefile for compilation along with other VIC driver source code. Its contents are
based on the BSP settings for each VIC's interrupt ports.

The VIC does not support runtime stack checking feature
(hal.enable_runtime_stack_checking) in the BSP setting.

VIC BSP Settings

The VIC driver scripts provide settings to the BSP. The number and naming of these
settings depends on your hardware system's configuration, specifically, the number of
optional shadow register sets in the Nios II processor, the number of VIC controllers in
the system, and the number of interrupt ports each VIC has.
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Certain settings apply to all VIC instances in the system, while others apply to a
specific VIC instance. Settings that apply to each interrupt port apply only to the
specified interrupt port number on that VIC instance.

The remainder of this section lists details and descriptions of each VIC BSP setting.

38.5.6.1. altera_vic_driver.enable_preemption

Identifier: ALTERA_VIC_DRIVER_ISR_PREEMPTION_ENABLED

Type: BooleanDefineOnly

Default value: 1 when all components connected to the VICs support
preemption. 0 when any of the connected components don’t
support preemption.

Destination file: system.h

Description: Enables global interrupt preemption (nesting). When
enabled (set to 1), the macro
ALTERA_VIC_DRIVER_ISR_PREEMPTION_ENABLED is
defined in system.h.
Two types of ISR preemption are available. This setting
must be enabled along with other settings to enable specific
types of preemption.
All preemption settings are dependent on whether the
device drivers in your BSP support interrupt preemption. For
more information about preemption, refer to the Exception
Handling chapter of the Nios II Software Developer’s
Handbook.

Occurs: Once per VIC

38.5.6.2. altera_vic_driver.enable_preemption_into_new_register_set

Identifier: ALTERA_VIC_DRIVER_PREEMPTION_INTO_NEW_REGISTER
_SET_ENABLED

Type: BooleanDefineOnly

Default value: 0

Destination file: system.h

Description: Enables interrupt preemption (nesting) if a higher priority
interrupt is asserted while a lower priority ISR is executing,
and that higher priority interrupt uses a different register
set than the interrupt currently being serviced.
When this setting is enabled (set to 1), the macro
ALTERA_VIC_DRIVER_ISR_PREEMPTION_INTO_NEW_REG
ISTER_SET_ENABLED is defined in system.h and the Nios
II config.ANI (automatic nested interrupts) bit is asserted
during system software initialization.
Use this setting to limit interrupt preemption to higher
priority (RIL) interrupts that use a different register set than
a lower priority interrupt that might be executing. This
setting allows you to support some preemption while
maintaining the lowest possible interrupt response time.
However, this setting does not allow an interrupt at a higher
priority (RIL) to preempt a lower priority interrupt if the
higher priority interrupt is assigned to the same register set
as the lower priority interrupt.

Occurs: Once per VIC

38. Vectored Interrupt Controller Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

490

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 491 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



38.5.6.3. altera_vic_driver.enable_preemption_rs_<n>

Identifier: ALTERA_VIC_DRIVER_ENABLE_PREEMPTION_RS_<n>

Type: Boolean

Default value: 0

Destination file: system.h

Description: Enables interrupt preemption (nesting) if a higher priority
interrupt is asserted while a lower priority ISR is executing,
for all interrupts that target the specified register set
number.
When this setting is enabled (set to 1), the vector table for
each VIC utilizes a special interrupt funnel that manages
preemption. All interrupts on all VIC instances assigned to
that register set then use this funnel.
When a higher priority interrupt preempts a lower priority
interrupt running in the same register set, the interrupt
funnel detects this condition and saves the processor
registers to the stack before calling the higher priority ISR.
The funnel code restores registers and allows the lower
priority ISR to continue running once the higher priority ISR
completes.
Because this funnel contains additional overhead, enabling
this setting increases interrupt response time substantially
for all interrupts that target a register set where this type of
preemption is enabled.
Use this setting if you must guarantee that a higher priority
interrupt preempts a lower priority interrupt, and you
assigned multiple interrupts at different priorities to the
same Nios II shadow register set.

Occurs: Per register set; <n> refers to the register set number.

38.5.6.4. altera_vic_driver.linker_section

Identifier: ALTERA_VIC_DRIVER_LINKER_SECTION

Type: UnquotedString

Default value: .text

Destination file: system.h

Description: Specifies the linker section that each VIC's generated vector
table and each interrupt funnel link to. The memory device
that the specified linker section is mapped to must be
connected to both the Nios II instruction and data hosts in
your Platform Designer system.
Use this setting to link performance-critical code into faster
memory. For example, if your system's code is in DRAM and
you have an on-chip or tightly-coupled memory interface for
interrupt handling code, assigning the VIC driver linker
section to a section in that memory improves interrupt
response time.
For more information about linker sections and the Nios II
BSP Editor, refer to the Getting Started with the
Graphical User Interface chapter of the Nios II Software
Developer’s Handbook.

Occurs: Once per VIC
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38.5.6.5. altera_vic_driver.<name>.vec_size

Identifier: <name>_VEC_SIZE

Type: DecimalNumber

Default value: 16

Destination file: system.h

Description: Specifies the number of bytes in each vector table entry.
Legal values are 16, 32, 64, 128, 256, and 512.
The generated VIC vector tables in the BSP require a
minimum of 16 bytes per entry.
If you intend to write your own vector table or locate your
ISR at the vector address, you can use a larger size.
The vector table's total size is equal to the number of
interrupt ports on the VIC instance multiplied by the vector
table entry size specified in this setting.

Occurs: Per instance; <name> refers to the component name you
assign in Platform Designer.

38.5.6.6. altera_vic_driver.<name>.irq<n>_rrs

Identifier: ALTERA_VIC_DRIVER_<name>_IRQ<n>_RRS

Type: DecimalNumber

Default value: Refer to the Default Settings for RRS and RIL section.

Destination file: system.h

Description: Specifies the RRS for the interrupt connected to the
corresponding port. Legal values are 1 to the number of
shadow register sets defined for the processor.

Occurs: Per IRQ per instance; <name> refers to the VIC’s name and
<n> refers to the IRQ number that you assign in Platform
Designer. Refer to Platform Designer to determine which
IRQ numbers correspond to which components in your
design.

38.5.6.7. altera_vic_driver.<name>.irq<n>_ril

Identifier: ALTERA_VIC_DRIVER_<name>_IRQ<n>_RIL

Type: DecimalNumber

Default value: Refer to Default Settings for RRS and RIL section.

Destination file: system.h

Description: Specifies the RIL for the interrupt connected to the
corresponding port. Legal values are 0 to 2RIL width -1.

Occurs: Per IRQ per instance; <name> refers to the VIC’s name and
<n> refers to the IRQ number that you assign in Platform
Designer. Refer to Platform Designer to determine which
IRQ numbers correspond to which components in your
design.
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38.5.6.8. altera_vic_driver.<name>.irq<n>_rnmi

Identifier: ALTERA_VIC_DRIVER_<name>_IRQ<n>_RNMI

Type: Boolean

Default value: 0

Destination file: system.h

Description: Specifies whether the interrupt port is a maskable or non-
maskable interrupt (NMI). Legal values are 0 and 1. When
set to 0, the port is maskable. NMIs cannot be disabled in
hardware and there are several restrictions imposed for the
RIL and RRS settings associated with any interrupt with NMI
enabled.

Occurs: Per IRQ per instance; <name> refers to the VIC’s name and
<n> refers to the IRQ number that you assign in Platform
Designer. Refer to Platform Designer to determine which
IRQ numbers correspond to which components in your
design.

38.5.6.9. Default Settings for RRS and RIL

The default assignment of RRS and RIL values for each interrupt assumes interrupt
port 0 on the VIC instance attached to your processor is the highest priority interrupt,
with successively lower priorities as the interrupt port number increases. Interrupt
ports on other VIC instances connected through the first VIC's daisy chain interface
are assigned successively lower priorities.

To make effective use of the VIC interrupt setting defaults, assign your highest priority
interrupts to low interrupt port numbers on the VIC closest to the processor. Assign
lower priority interrupts and interrupts that do not need exclusive access to a shadow
register set, to higher interrupt port numbers, or to another daisy-chained VIC.

The following steps describe the algorithm for default RIL assignment:

1. The formula 2RIL width -1 is used to calculate the maximum RIL value.

2. interrupt port 0 on the VIC connected to the processor is assigned the highest
possible RIL.

3. The RIL value is decremented and assigned to each subsequent interrupt port in
succession until the RIL value is 1.

4. The RILs for all remaining interrupt ports on all remaining VICs in the chain are
assigned 1.

The following steps describe the algorithm for default RRS assignment:

5. The highest register set number is assigned to the interrupt with the highest
priority.

6. Each subsequent interrupt is assigned using the same method as the default RIL
assignment.

For example, consider a system with two VICs, VIC0 and VIC1. Each VIC has an
RIL width of 3, and each has 4 interrupt ports. VIC0 is connected to the processor
and VIC1 to the daisy chain interface on VIC0. The processor has 3 shadow
register sets.
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Table 391. Default RRS and RIL Assignment Example

VIC IRQ RRS RIL

0 0 3 7

0 1 2 6

0 2 1 5

0 3 1 4

1 0 1 3

1 1 1 2

1 2 1 1

1 3 1 1

38.5.6.10. VIC BSP Design Rules for Intel FPGA HAL Implementation

The VIC BSP settings allow for a large number of combinations. This list describes
some basic design rules to follow to ensure a functional BSP:

• Each component’s interrupt interface in your system should only be connected to
one VIC instance per processor.

• The number of shadow register sets for the processor must be greater than zero.

• RRS values must always be greater than zero and less than or equal to the
number of shadow register sets.

• RIL values must always be greater than zero and less than or equal to the
maximum RIL.

• All RILs assigned to a register set must be sequential to avoid a higher priority
interrupt overwriting contents of a register set being used by a lower priority
interrupt.

Note: The Nios II BSP Editor uses the term “overlap condition” to refer to non-sequential RIL
assignments.

• NMIs cannot share register sets with maskable interrupts.

• NMIs must have RILs set to a number equal to or greater than the highest RIL of
any maskable interrupt. When equal, the NMIs must have a lower logical interrupt
port number than any maskable interrupt.

• The vector table and funnel code section's memory device must connect to a data
host and an instruction host.

• NMIs must use funnels with preemption disabled.

• When global preemption is disabled, enabling preemption into a new register set
or per-register-set preemption might produce unpredictable results. Be sure that
all interrupt service routines (ISR) used by the register set support preemption.

• Enabling register set preemption for register sets with peripherals that don't
support preemption might result in unpredictable behavior.
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38.5.6.11. RTOS Considerations

BSPs configured to use a real time operating system (RTOS) might have additional
software linked into the HAL interrupt funnel code using the ALT_OS_INT_ENTER and
ALT_OS_INT_EXIT macros. The exact nature and overhead of this code is RTOS-
specific. Additional code adds to interrupt response and recovery time. Refer to your
RTOS documentation to determine if such code is necessary.

38.6. Implementing the VIC in Platform Designer

This section describes how to incorporate one or more VICs in your Platform Designer
system, and how to support the VIC in software.

38.6.1. Adding VIC Hardware

When you add a VIC to your Platform Designer system, you must perform the
following high-level tasks:

1. Add the EIC interface to your Nios II processor core

2. Optionally add shadow register sets to your Nios II processor core (required if you
intend to use HAL interrupt support)

3. Add and parameterize one or more VIC components

4. Connect interrupt sources to the VIC component(s)

38.6.1.1. Adding the EIC Interface Shadow Register Set

This section describes how to add the EIC interface and shadow register sets to a Nios
II processor core in Platform Designer, through the parameter editor interface.

1. In Platform Designer, double-click the Nios II processor to open the parameter
editor interface.

2. Enable the EIC interface on the Nios II processor by selecting it in the Interrupt
Controller list in the Advanced Features tab, as shown in the figure below.

There are two options for Interrupt Controller: Internal and External. If you
select Internal, the processor is implemented with the internal interrupt
controller. Select External to implement the processor with an EIC interface.

Note: When you implement the EIC interface, you must connect an EIC, such as
the VIC. Failure to connect an EIC results in a Platform Designer error.

3. Select the desired number of shadow register sets. In the Number of shadow
register sets list, select the number of register sets that matches your system
performance goals.

4. Click Finish to exit from the Nios II parameter editor interface . Notice that the
processor shows an unconnected interrupt_controller_in Avalon-ST sink,
as shown in the figure below.
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Figure 133. Configuring the Interrupt Controller and Shadow Register Sets

Figure 134. Nios II Processor with EIC Interface

Shadow register sets reduce the context switching overhead associated with saving
and restoring registers, which can otherwise be significant. If possible, add one
shadow register set for each interrupt that requires high performance.
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38.6.1.2. VIC Instantiation, Parameterization, and Connection

After you add the EIC interface and shadow register set(s) to the Nios II processor,
you must instantiate and parameterize the VIC in your Platform Designer system.

38.6.1.2.1. Instantiation

To instantiate a VIC in your Platform Designer system, execute the following steps:

1. Browse to the IP Catalog window in Platform Designer.

2. Type "vector" in the search box. The interface hides all components except the
VIC, as shown in the figure below.

3. Double click the Vectored Interrupt Controller component to add this component
to your Platform Designer System.

Figure 135. Vectored Interrupt Controller Component
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38.6.1.2.2. Parameterization

When you add the VIC to your system, the Vectored Interrupt Controller interface
appears as shown below.

Figure 136. Vectored Interrupt Controller Parameterization

The VIC interface allows you to specify the following options:

• Number of Interrupts—The number of interrupts your VIC must support.

• Requested Interrupt Level (RIL) Width—The number of bits allocated to
represent the interrupt level for each interrupt.

• DAISY_CHAIN_ENABLE—Allows the VIC to daisy chain to another EIC. Turn on
this option if you want to support multiple VICs in your system.

Note: Study the VIC Daisy-Chain example that accompanies this document for a
usage example.

• Override Default Interrupt Signal Latency—Allows manual specification of the
interrupt signal latency.

• Manual Interrupt Signal Latency—Specifies the number of cycles it takes to
process the incoming interrupt signals.

When you have finished parameterizing the VIC, click Finish to instantiate the
component in your Platform Designer system.

38. Vectored Interrupt Controller Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

498

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 499 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



38.6.1.2.3. VIC Connections

When you have added the VIC to your system, it appears in Platform Designer as
shown below.

Note: If you have enabled daisy chaining, Platform Designer adds an Avalon-ST sink, called
interrupt_controller_in, to the VIC.

Figure 137. VIC Interfaces

After adding a VIC to the Platform Designer system, you must parameterize the VIC
and the EIC interface at the system level. Immediately after you add the VIC, several
error messages appear. Resolve these error messages by executing the following
actions in any order:

• Connect the VIC’s interrupt_controller_out Avalon-ST source to the
interrupt_controller_in Avalon-ST sink on either the Nios II processor or
the next VIC in a daisy-chained configuration.

• Connect the Nios II processor's data_master Avalon-MM ports to the
csr_access Avalon-MM agent port.

• Assign an interrupt number for each interrupt-based component in the system, as
shown below. This step connects each component to an interrupt port on the VIC.

Note: If your system contains more than one EIC connected to a single processor, you must
ensure that each component is connected to an interrupt port on only one EIC.

Figure 138. Assigning Interrupt Numbers
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When you use the HAL VIC driver, the driver makes a default assignment from register
sets to interrupts. The default assignment makes some assumptions about interrupt
priorities, based on how devices are connected to the VIC.

Note: To make effective use of the VIC interrupt setting defaults, assign your highest priority
interrupts to low interrupt port numbers on the VIC closest to the processor.

38.6.2. Software for VIC

If you write an interrupt handler for a system based on the VIC component, you must
use the HAL enhanced interrupt API to register the handler and control its runtime
environment. The enhanced interrupt API provides a number of functions for use with
EICs, including the VIC. This section describes a subset of the functions in the
enhanced interrupt API.

For information about the enhanced interrupt API, refer to “Interrupt Service
Routines” in the Exception Handling chapter of the Nios II Software Developer’s
Handbook.

In particular, this section shows how to code a driver so that it supports both the
enhanced API and the legacy API. This must include testing for the presence of the
enhanced API, and conditionally calling the appropriate function.

Related Information

Interrupt Service Routines

38.6.2.1. alt_ic_isr_register() versus alt_irq_register()

The enhanced API function alt_ic_isr_register() is very similar to the legacy
function alt_irq_register(), with a few important differences. The differences
between these two functions are best understood by examining the code in 
Registering an ISR with Both APIs on page 500. This example registers a timer
interrupt in either the legacy API or the enhanced API, whichever is implemented in
the board support package (BSP). The example is taken directly from the example
code accompanying this document.

Example 11. Registering an ISR with Both APIs

#ifdef ALT_ENHANCED_INTERRUPT_API_PRESENT
void timer_interrupt_latency_init (void* base, alt_u32 irq_controller_id, 
alt_u32 irq)
{
  /* Register the interrupt */
  alt_ic_isr_register(irq_controller_id, irq, timer_interrupt_latency_irq, 
base, NULL);
  /* Start timer */
  IOWR_ALTERA_AVALON_TIMER_CONTROL(base, ALTERA_AVALON_TIMER_CONTROL_ITO_MSK
  | ALTERA_AVALON_TIMER_CONTROL_START_MSK);
}
#else
void timer_interrupt_latency_init (void* base, alt_u32 irq)
{
  /* Register the interrupt */
  alt_irq_register(irq, base, timer_interrupt_latency_irq);
  /* Start timer */
  IOWR_ALTERA_AVALON_TIMER_CONTROL(base, ALTERA_AVALON_TIMER_CONTROL_ITO_MSK
  | ALTERA_AVALON_TIMER_CONTROL_START_MSK);
}
#endif
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The first line of Registering an ISR with Both APIs on page 500 detects whether the
BSP implements the enhanced interrupt API. If the enhanced API is implemented, the
timer_interrupt_latency_init() function calls the enhanced function. If not,
timer_interrupt_latency_init() reverts to the legacy interrupt API function.

For an explanation of how the Nios II Software Build Tools select which API to
implement in a BSP, refer to “Interrupt Service Routines” in the Exception Handling
chapter of the Nios II Software Developer’s Handbook.

Enhanced Function alt_ic_isr_register() on page 501 shows the function prototype for
alt_ic_isr_register(), which registers an ISR in the enhanced API. The interrupt
controller identifier (for argument ic_id) and the interrupt port number (for
argument irq) are defined in system.h.

Example 12. Enhanced Function alt_ic_isr_register()

extern int alt_ic_isr_register(alt_u32 ic_id,
  alt_u32 irq,
  alt_isr_func isr,
  void *isr_context,
  void *flags);

For comparison, Legacy Function alt_irq_register() on page 501 shows the function
prototype for alt_irq_register(), which registers an ISR in the legacy API.

Example 13. Legacy Function alt_irq_register()

extern int alt_irq_register (alt_u32 id,
  void* context,
  alt_isr_func handler);

The arguments passed into alt_ic_isr_register() are slightly different from
those passed into alt_irq_register(). The table below compares the arguments
to the two functions.

Table 392. Arguments to alt_ic_isr_register() versus alt_irq_register()

alt_ic_isr_register() Argument Purpose alt_irq_register() Argument

alt_u32 ic_id Unique interrupt controller ID as
defined in system.h.

—

alt_u32 irq Interrupt request (IRQ) number as
defined in system.h.

alt_u32 id

alt_isr_func isr Interrupt service routine (ISR) function
pointer

handler

void* isr_context Optional pointer to a component-
specific data structure.

context

void* flags Reserved. Other EIC implementations
might use this argument.

None

There are other significant differences between the legacy interrupt API and the
enhanced interrupt API. Some of these differences impact the ISR body itself. Notably,
the two APIs employ completely different interrupt preemption models. The example
code accompanying this document illustrates many of the differences.

38. Vectored Interrupt Controller Core

683130 | 2022.03.28

Send Feedback Embedded Peripherals IP User Guide

501

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 502 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



For further information about the other functions in the HAL interrupt APIs, refer to
the Exception Handling and HAL API Reference chapters of the Nios II Software
Developer’s Handbook.

Related Information

• Exception Handling

• HAL API Reference

38.7. Example Designs

This section provides a brief description of the example designs provided with this
document to demonstrate the usage of the VIC. Additionally, this section provides
instructions for running the software examples on the Cyclone V SoC development kit.

38.7.1. Example Description

The example designs are provided in a file called VIC_collateral_cv.zip.

Table 393. Example Designs in VIC_collateral_cv.zip

Example Name Folder Name Description

VIC Basic VIC_Example A single VIC

VIC Daisy-Chain VIC_DaisyChain_Example Two daisy-chained VICs

VIC Table-Resident VIC_ISRnVectorTable_Example VIC with ISR located in vector table

IIC VIC_noVIC_Example IIC example, for comparison with the
VIC examples

The top-level folder in VIC_collateral_cv.zip, called VIC_collateral_cv, contains
the following files:

• run_sw.sh—Shell script to run one, several or all of the examples

• README.txt—Describes the .zip file contents
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Figure 139. VIC Basic Example

Figure 140. VIC Daisy-Chain Example

The IIC design is the same as the VIC Basic design, with the VIC and the EIC interface
replaced by the IIC. The VIC Table-Resident design is identical to the VIC Basic design.

In each example, the software uses timers in conjunction with performance counters
to measure the interrupt performance. Each example’s software calculates the
performance and sends the results to stdout.

VIC_collateral_cv.zip includes a script, run_sw.sh, to run one, several, or all of the
example. run_sw.sh downloads the SRAM Object File (.sof) and the Executable and
Linkable Format File (.elf) for each example, and executes the code on the Cyclone V
SoC, for the examples that you specify on the command line.
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Note: run_sw.sh assumes that you have only one JTAG download cable connected to your
host computer. If you have multiple JTAG cables, you must modify run_sw.sh to
specify the cable connected to your Cyclone V SoC development kit.

Related Information

• Nios II Processor Support

• VIC_collateral_cv.zip

38.7.2. Example Usage

Initially, Intel recommends that you run each example design as distributed, to see
the example’s performance on your own hardware. Thereafter, you can modify any of
the examples to investigate the VIC’s performance options, or customize the code for
you application.

Execute the following steps to run each example design:

1. Power up your Cyclone V SoC board.

2. Connect the USB cable.

3. Unzip the VIC_collateral_cv.zip file to a working directory, expanding folder
names.

Note: The path name to your working directory must not contain any spaces.

4. In a Nios II Command Shell, change to the top-level directory,
VIC_collateral_cv.

5. At the command prompt, type the following command:

./run_sw.sh

The script shows a list of options.

6. Run run_sw.sh again, using a command-line option that specifies the example
you would like to run, or to run all of the examples. VIC Example on page 505
shows a sample session.

The run_sw.sh script performs the following steps:

a. Parses the command line argument(s) to determine which example(s) to run

b. Downloads the .sof for the selected example

c. Downloads the .elf for the selected example

d. Starts nios2-terminal to capture the software’s output

38.7.3. Software Description

The software for the various example designs is very similar. For example, the
difference between the software for the VIC Basic example and the software for the
IIC example is the printf() call that generates the output to the terminal.

All of the software performs the following steps:

1. Configures the timer used for measurement purposes

2. Registers an interrupt service routine (ISR)

3. Sets a global variable to 0xfeedface

38. Vectored Interrupt Controller Core

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

504

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 505 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



4. Starts the performance counter to measure the interrupt time

5. Waits for the ISR to set the global variable to 0xfacefeed

6. Stops the performance counter and computes the interrupt time

The VIC Daisy-Chain example performs the measurement for both VICs connected in
the daisy chain, shown in Figure 140 on page 503.

In all these design examples, the GCC compiler in Nios II SBT tool is set to
optimization level 2. Also, some settings are modified during BSP generation in order
to reduce the code size. All these setting can be found in the create-this-bsp script
included in the design example. Note that the number of clock cycles shows in these
design examples will be differ from this document if the setting is different.

For details about how the VIC Table-Resident example code works, refer to
“Positioning the ISR in the Vector Table”. For details about performance counter usage
in the example software, refer to “Latency Measurement with the Performance
Counter”.

Example 14. VIC Example
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Related Information

• Positioning the ISR in Vector Table on page 506

• Latency Measurement with the Performance Counter on page 507

38.7.4. Positioning the ISR in Vector Table

If have a critical ISR of small size, you can achieve the best performance by
positioning the ISR code directly in the vector table. In this way, you eliminate the
overhead of branching from the vector table through the HAL funnel to your ISR.This
section describes how to modify the VIC Basic example software to create the VIC
Table-Resident example. Use this example to ensure that you understand the steps.
Then you can make the equivalent changes in your custom code.

Positioning an ISR in a vector table is an advanced and error-prone technique, not
directly supported by the HAL. You must exercise great caution to ensure that the ISR
code fits in the vector table entry. If your ISR overflows the vector table entry, it
corrupts other entries in the vector table, and your entire interrupt handling system.

When locate your ISR in the vector table, it does not need to be registered. Do not call
alt_ic_isr_register(), because it overwrites the contents of the vector table.

When the ISR is in the vector table, the HAL does not provide funnel code. Therefore,
the ISR code must perform any context-switching actions normally handled by the
funnel. Funnel context switching can include some or all of the following actions:

• Saving and restoring registers

• Managing preemption

• Managing the stack pointer

To create the fastest possible ISR, minimize or eliminate the context-switching actions
your ISR must perform by conforming to the following guidelines:

• Write the ISR in assembly language

• Assign a shadow register set for the ISR’s use

• Ensure that the ISR cannot be preempted by another ISR using the same register
set. By default, preemption within a register set is disabled on the Nios II
processor. You can also ensure this condition by giving the ISR exclusive access to
its register set.

The VIC Table-Resident example requires modifying a BSP-generated file,
altera_vic1_vector_tbl.S. If you regenerate the BSP after making these
modifications, the Nios II Software Build Tools regenerate altera_vic1_vector_tbl.S,
and your changes are overwritten.

Related Information

Software Description on page 504

38.7.4.1. Increase the Vector Table Entry Size

To insert the ISR in the vector table, you must increase the size of the vector entries
so that your entire ISR fits in a vector table entry. Use the
altera_vic_driver.<vic_instance>.vec_size BSP setting to adjust the vector
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table entry size. On the Nios II Software Build Tools command line, you can
manipulate this setting with the --set command-line option. You can also modify this
setting in the Nios II BSP Editor.

In the VIC Table-Resident example, <vic_instance> is VIC1 and <size> is set to
256 bytes.

38.7.4.2. Do Not Register the ISR

Remove the call to alt_ic_isr_register() for the interrupt that you place in the
vector table. Replace it with an alt_ic_irq_enable() call. You must not call
alt_ic_isr_register(), because it overwrites the contents of the vector table,
destroying the body of your ISR.

38.7.4.3. Insert ISR in Vector Table

In the VIC Table-Resident example included with this document, the ISR code is in a
file called vector.h in the BSP folder.

To insert this code in the vector table, execute the following steps:

1. Generate the BSP by running the create-this-bsp script.

2. Modify altera_vic1_vector_tbl.S as shown in the example below.

Example 15. Modifications to Intel FPGA_vic1_vector_tbl.S

#include "altera_vic_funnel.h"
#include "vector.h"                  /* ADD THIS LINE MANUALLY */
    .section .text
    .align 2
    .globl VIC1_VECTOR_TABLE
VIC1_VECTOR_TABLE:
    MY_ISR 256                     /* THIS LINE REPLACES THE FIRST VECTOR TABLE 
ENTRY */
    ALT_SHADOW_NON_PREEMPTIVE_INTERRUPT 256
    ALT_SHADOW_NON_PREEMPTIVE_INTERRUPT 256
    ALT_SHADOW_NON_PREEMPTIVE_INTERRUPT 256
    ALT_SHADOW_NON_PREEMPTIVE_INTERRUPT 256

After completion of these steps, build the software, run it, and observe the reported
interrupt time. This example is about 18 clock cycles faster than the unmodified VIC
Basic example.

Some variation is likely for reasons discussed in “Real-Time Latency Concerns”.

Related Information

Real Time Latency Concerns on page 508

38.7.5. Latency Measurement with the Performance Counter

The Intel Quartus Prime enables you to make fast, accurate performance
measurements. All examples included with this document use the Performance
Counter component to measure interrupt latency.
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The examples execute the following steps to measure the total time spent to service
an interrupt:

1. Initialize a global variable, interrupt_watch_value, to a known value,
0xfeedface.

2. Set up a timer interrupt, registering an ISR that sets interrupt_watch_value
to 0xfacefeed.

3. Start the timer.

4. Wait in a while() loop until interrupt_watch_value becomes 0xfacefeed.

5. Immediately after exiting the while() loop, stop the performance counter,
compute clock cycles and display the calculated value on stdout.

You can use similar methods to determine the real-time interrupt latencies in your
system.

Related Information

• Software Description on page 504

• Real Time Latency Concerns on page 508

38.8. Advanced Topics

This section presents several topics that are useful for advanced interrupt handling.

38.8.1. Real Time Latency Concerns

This section presents an overview of interrupt latency, the elements that combine to
determine interrupt latency, and methods for measuring it. The following elements
comprise interrupt latency:

• Pipeline latency

• Cause latency

• Selection latency

• Funnel latency

• Compiler-related latency
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Figure 141. The Elements of Interrupt Latency
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This section summarizes each element of latency and describes how to measure
latency. The accompanying example designs use the performance counter core to
capture all of the timing measurements. Performance counter core usage is described
in “Latency Measurement with the Performance Counter”.

Related Information

• Insert ISR in Vector Table on page 507

• Latency Measurement with the Performance Counter on page 507

38.8.1.1. Pipeline Latency

Pipeline latency is defined as the number of clock cycles between an interrupt signal
being asserted and the execution of the first instruction at the exception vector. It can
vary widely, depending on the type of memory the processor is executing from and
the impact of other host ports in your hardware. Theoretically, this time could be
infinite if an ill-behaved host port blocks the processor from accessing memory,
freezing the processor.

38.8.1.2. Cause Latency

Cause latency is the time required for the processor to identify an exception as a
hardware interrupt. With an EIC, such as the VIC, the cause latency is zero because
each hardware interrupt has a dedicated interrupt vector address, separate from the
software exception vector address.
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38.8.1.3. Selection Latency

Selection latency is the time required for the system to transfer control to the correct
interrupt vector, depending on which interrupt is triggered. The selection latency with
the VIC component depends on the number of interrupts that it services. The table
below outlines selection latency on a single VIC as a function of the number of
interrupts.

Table 394. The Components of VIC Latency

Total Number of
Interrupts

Interrupt Request
Clock Delay (clocks)

Priority Processing
Clock Delay (clocks)

Vector Generation
Clock Delay (clocks)

Total Interrupt
Latency (clocks)

1 2 0 1 3

2—4 2 1 1 4

5—16 2 2 1 5

17—32 2 3 1 6

38.8.1.4. Funnel Latency

Funnel latency is the time required for the interrupt funnel to switch context. Funnel
latency can include saving and restoring registers, managing preemption, and
managing the stack pointer. Funnel latency depends on the following factors:

• Whether a separate interrupt stack is used

• The number of clock cycles required for load and store instructions

• Whether the interrupt requires switching to a different register set

• Whether the interrupt is preempting another interrupt within the same register set

• Whether preemption within the register set is allowed

Preemption within the register set requires special attention. The HAL VIC driver
provides special funnel code if an interrupt is allowed to preempt another interrupt
assigned to the same register set. In this case, the funnel incurs additional overhead
to save and restore the register contents. When creating the BSP, you can control
preemption within the register set by using the VIC driver’s
altera_vic_driver_enable_preemption_rs_<n> setting.

Note: With tightly-coupled memory, the Nios II processor can execute a load or store
instruction in 1 clock cycle. With onchip memory, not tightly-coupled, the processor
requires two clock cycles.

Table 395. Single Stack HAL latency

Funnel Type Clock Cycles Required for Load or Store

1 2

Shadow register set, preemption within
the register set disabled

10 13

Shadow register set, preemption within
the register set enabled

42
Same register set (sstatus.SRS=0)

64
Same register set (sstatus.SRS=0)

26
Different register set
(sstatus.SRS=1)

32
Different register set
(sstatus.SRS=1)
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Table 396. Separate Interrupt Stack HAL Latency

Funnel Type Clock Cycles Required for Load or Store

1 2

Shadow register set, preemption within
the register set disabled

11
Not preempting another interrupt
(sstatus.IH=0)

14
Not preempting another interrupt
(sstatus.IH=0)

12
Preempting another interrupt
(sstatus.IH=1)

15
Preempting another interrupt
(sstatus.IH=1)

Shadow register set, preemption within
the register set enabled

42
Same register set (sstatus.SRS=0)

64
Same register set (sstatus.SRS=0)

27
• Different register set

(sstatus.SRS=1)

• Not preempting another interrupt
(sstatus.IH=0)

33
• Different register set

(sstatus.SRS=1)

• Not preempting another interrupt
(sstatus.IH=0)

28
• Different register set

(sstatus.SRS=1)

• Preempting another interrupt
(sstatus.IH=1)

34
• Different register set

(sstatus.SRS=1)

• Preempting another interrupt
(sstatus.IH=1)

In the tables above, notice that the lowest latencies occur under the following
conditions:

• A different register set—Shadow register set switch; the ISR runs in a different
register set from the interrupted task, eliminating any need to save or restore
registers.

• Preemption (nesting) within the register set disabled.

Conversely, the highest latencies occur under the following conditions:

• The same register set—No shadow register set switch; the ISR runs in the same
register set as the interrupted task, requiring the funnel code to save and restore
registers.

• Preemption within the register set enabled.

Of these two important factors, preemption makes the largest difference in latencies.
With preemption disabled, much lower latencies occur regardless of other factors.

38.8.1.5. Compiler-Related Latency

The GNU C compiler creates a prologue and epilogue for many C functions, including
ISRs. The prologue and epilogue are code sequences that take care of housekeeping
tasks, such as saving and restoring context for the C runtime environment. The time
required for the prologue and epilogue is called compiler-related latency.

The C compiler generates a prologue and epilogue as needed. If compiler optimization
is enabled, and the routine is compact, with few local variables, the prologue and
epilogue are usually omitted. You can determine whether a prologue and epilogue are
generated by examining the function’s assembly code.
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Compiler latency normally has only a minor impact on overall interrupt servicing
performance. If you are concerned about compiler latency, you have two options:

• Enable compiler optimizations, and simplify your ISR, minimizing local variables.

• Write your ISR in assembly language.

38.8.2. Software Interrupt

Software can trigger any VIC interrupt by writing to the appropriate VIC control and
status register (CSR). Software can trigger the interrupt connected to any hardware
interrupt source, as well as interrupts that are not connected to hardware (software-
only interrupts).

Triggering an interrupt from software is useful for debugging. Software can control
exactly when an interrupt is triggered, and measure the system’s interrupt response.

You can use a software-only interrupt to re-prioritize an interrupt. An ISR that
responds to a high-priority hardware interrupt can perform the minimum processing
required by the hardware, and then trigger a software-only interrupt at a lower
priority level to complete the interrupt processing.

The following functions are available for managing software interrupts:

• alt_vic_sw_interrupt_set()

• alt_vic_sw_interrupt_clear()

• alt_vic_sw_interrupt_status()

The implementations of these functions are in bsp/hal/drivers/src/
altera_vic_sw_intr.c after you generate the BSP.

Note: You must define a value for the interrupt number in SOFT_IRQ.

Example 16. Registering a Software Interrupt

alt_ic_isr_register(
  VIC1_INTERRUPT_CONTROLLER_ID,
  SOFT_IRQ,
  soft_interrupt_latency_irq,
  NULL, NULL)

Example 17. Registering a Timer Interrupt (for Comparison)

alt_ic_isr_register(
  LATENCY_TIMER_IRQ_INTERRUPT_CONTROLLER_ID,
  LATENCY_TIMER_IRQ,
  timer_interrupt_latency_irq,
  LATENCY_TIMER_BASE,
  NULL);

The following code generates a software interrupt:
alt_vic_sw_interrupt_set(VIC1_INTERRUPT_CONTROLLER_ID, SOFT_IRQ);
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38.9. Vectored Interrupt Controller Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 • Fixed related links and typos.
• Implemented editorial enhancements.

Date Version Changes

May 2016 2016.05.03 Sections Added:
• Implementing VIC in Platform Designer
• Example Designs
• Advanced Topics

November 2015 2015.11.06 Updated:
• Table 382 on page 478
• Table 384 on page 481
• Table 389 on page 485

December 2013 v13.1.0 Updated the INT_ENABLE register description.

December 2010 v10.1.0 Added a note to to state that the VIC does not support the runtime stack
checking feature in BSP setting.
Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Initial release.
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39. Avalon-ST Data Pattern Generator and Checker Cores

39.1. Core Overview

The data generation and monitoring solution for Avalon Streaming (Avalon-ST)
interfaces consists of two components: a data pattern generator core that generates
data patterns and sends it out on an Avalon-ST interface, and a data pattern checker
core that receives the same data and checks it for correctness.

39.2. Data Pattern Generator

This section describes the hardware structure and functionality of the data pattern
generator core.

39.2.1. Functional Description

The data pattern generator core accepts commands to generate and drive data onto a
parallel Avalon-ST source interface.

Figure 142. Data Pattern Generator Core Block Diagram
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You can configure the width of the output data signal to either 32-bit or 40-bit when
instantiating the core.

You can configure this core to output 8-bit or 10-bit wide symbols. By default, the core
generates 4 symbols per beat, which outputs 32-bit or 40-bit wide data to the Avalon-
ST interfaces, respectively. The core’s data format endianness is the most significant
symbol first within a beat and the most significant bit first within a symbol. For
example, when you configure the output data to 32-bit, bit 31 is the first data bit,
followed by bit 30, and so forth. This interface’s endianness may change in future
versions of the core.
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For smaller data widths, you can use the Avalon-ST Data Format Adapter for data
width adaptation. The Avalon-ST Data Format Adapter converts the output from 4
symbols per beat, to 2 or 1 symbol per beat. In this way, the 32-bit output of the core
can be adapted to a 16-bit or 8-bit output and the 40-bit output can be adapted to a
20-bit or 10-bit output.

For more information about the Avalon-ST Data Format Adapter, refer to Platform
Designer User Guide.

Control and Status Interface

The control and status interface is an Avalon-MM agent that allows you to enable or
disable the data generation. This interface also provides the run-time ability to choose
data pattern and inject an error into the data stream.

Output Interface

The output interface is a parallel Avalon-ST interface. You can configure the data width
at the output interface to suit your requirements.

Supported Data Patterns

The following data patterns are supported in the following manner, per beat. When the
core is disabled or in idle state, the default pattern generated on the data output is
0×5555 (for 32-bit data width) or 0×55555 (for 40-bit data width).

Table 397. Supported Data Patterns (Binary Encoding)

Pattern 32-bit 40-bit

PRBS-7 PRBS in parallel PRBS in parallel

PRBS-15 PRBS in parallel PRBS in parallel

PRBS-23 PRBS in parallel PRBS in parallel

PRBS-31 PRBS in parallel PRBS in parallel

High Frequency 10101010 x 4 1010101010 x 4

Low Frequency 11110000 x 4 1111100000 x 4

Note to Table 29–1 :
1. All PRBS patterns are seeded with 11111111.

This core does not support custom data patterns.

Inject Error

Errors can be injected into the data stream by controlling the Inject Error register
bits in the register map (refer to the Inject Error Field Descriptions table). When
the inject error bit is set, one bit of error is produced by inverting the LSB of the next
data beat.

If the inject error bit is set before the core starts generating the data pattern, the
error bit is inserted in the first output cycle.

The Inject Error register bit is automatically reset after the error is introduced in
the pipeline, so that the next error can be injected.
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Preamble Mode

The preamble mode is used for synchronization or word alignment. When the
preamble mode is set, the preamble control register sends the preamble character a
specified number of times before the selected pattern is generated, so the word
alignment block in the receiver can determine the word boundary in the bit stream.

The number of bits (Numbits) determines the number of cycles to output the
preamble character in the preamble mode. You can set the number of bits (Numbits)
in the preamble control register. The default setting is 0 and the maximum value is
255 bits. This mode can only be set when the data pattern generation core is disabled.

39.2.2. Configuration

You can configure your core by setting the following parameters in the Platform
Designer:

• You can configure the input interface of the data pattern generator core using the
following parameter:

ST_DATA_W — The width of the input data signal that the data pattern checker
core supports. Valid values are 32, 40, 50, 64, 66, 80, and 128.

• You can add a bypass interface to register and output the input data through a
bypass port using the following parameter:

Enable Bypass Interface — Select this option to enable this interface. By
default, this interface is disabled.

• The data pattern generator core supports two types of interface: Avalon-ST and
Conduit interface. You can select either of them using the following parameter:

Enable Avalon Interface — Select this option to enable Avalon interface. By
default this interface is enabled. De-select this option to enable Conduit interface.

• You can enable frequency counter by selecting the following parameter:

Enable Frequency Counter

• The following parameter determines the synchronization depth for clock crossing
from Avalon-MM clock domain to Avalon-ST clock domain:

CROSS_CLK_SYNC_DEPTH — Default value is 2. Valid values are => 2.

39.3. Data Pattern Checker

This section describes the hardware structure and functionality of the data pattern
checker core.

39.3.1. Functional Description

The data pattern checker core accepts data via an Avalon-ST sink interface, checks it
for correctness against the same predetermined pattern used by the data pattern
generator core or other PRBS generators to produce the data, and reports any
exceptions to the control interface.
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Figure 143. Data Pattern Checker
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You can configure the width of the output data signal to either 32-bit or 40-bit when
instantiating the core. The chosen data width is not configurable during run time.

You can configure this core to output 8-bit or 10-bit wide symbols. By default, the core
generates 4 symbols per beat, which outputs 32-bit or 40-bit wide data to the Avalon-
ST interfaces, respectively. The core’s data format endianness is the most significant
symbol first within a beat and the most significant bit first within a symbol. For
example, when you configure the output data to 32-bit, bit 31 is the first data bit,
followed by bit 30, and so forth. This interface’s endianness may change in future
versions of the core.

If you configure the width of the output data to 32-bit, the core inputs four 8-bit wide
symbols per beat. To achieve an 8-bit and 16-bit data width, you can use the Avalon-
ST Data Format Adapter component to convert 4 symbols per beat to 1 or 2 symbols
per beat.

Similarly, if you configure the width of the output data to 40-bit, the core inputs four
10-bit wide symbols per beat. The 10-bit and 20-bit input can be achieved by
switching from 4 symbols per beat to 1 and 2 symbols per beat.

Control and Status Interface

The control and status interface is an Avalon-MM agent that allows you to enable or
disable the pattern checking. This interface also provides the run-time ability to
choose the data pattern and read the status signals.

Input Interface

The input interface is a parallel Avalon-ST interface. You can configure the data width
at this interface to suit your requirements.

Supported Data Patterns

The following data patterns are supported in the following manner, per beat. When the
core is disabled or in idle state, the default pattern generated on the data output is
0×5555 (for 32-bit data width) or 0×55555 (for 40-bit data width).

Table 398. Supported Data Patterns (Binary Encoding)

Pattern 32-bit 40-bit

PRBS-7 PRBS in parallel PRBS in parallel

PRBS-15 PRBS in parallel PRBS in parallel

continued...   
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Pattern 32-bit 40-bit

PRBS-23 PRBS in parallel PRBS in parallel

PRBS-31 PRBS in parallel PRBS in parallel

High Frequency 10101010 x 4 1010101010 x 4

Low Frequency 11110000 x 4 1111100000 x 4

Lock

The lock bit in the status register is asserted when 40 consecutive bits of correct data
are received. The lock bit is deasserted and the receiver loses the lock when 40
consecutive bits of incorrect data are received.

Bit and Error Counters

The core has two 64-bit internal counters to keep track of the number of bits and
number of error bits received. A snapshot has to be executed to update the NumBits
and NumErrors registers with the current value from the internal counters.

A counter reset can be executed to reset both the registers and internal counters. If
the counters are not being reset and the core is enabled, the internal counters
continues the increment base on their current value.

The internal counters only start to increment after a lock has been acquired.

39.3.2. Configuration

You can configure your core by setting the following parameters in the Platform
Designer:

• You can configure the input interface of the data pattern checker core using the
following parameter:

ST_DATA_W — The width of the input data signal that the data pattern checker
core supports. Valid values are 32, 40, 50, 64, 66, 80, and 128.

• You can add a bypass interface to register and output the input data through a
bypass port using the following parameter:

Enable Bypass Interface — Select this option to enable this interface. By
default, this interface is disabled.

• The data pattern checker core supports two types of interface: Avalon-ST and
Conduit interface. You can select either of them using the following parameter:

Enable Avalon Interface — Select this option to enable Avalon interface. By
default this interface is enabled. De-select this option to enable Conduit interface.

• You can enable frequency counter by selecting the following parameter:

Enable Frequency Counter

• The following parameter determines the synchronization depth for clock crossing
from Avalon-MM clock domain to Avalon-ST clock domain:

CROSS_CLK_SYNC_DEPTH — Default value is 2. Valid values are => 2.
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39.4. Hardware Simulation Considerations

The data pattern generator and checker cores do not provide a simulation testbench
for simulating a stand-alone instance of the component. However, you can use the
standard Platform Designer simulation flow to simulate the component design files
inside an Platform Designer system.

39.5. Software Programming Model

This section describes the software programming model for the data pattern generator
and checker cores.

39.5.1. Register Maps

This section describes the register maps for the data pattern generator and checker
cores.

Data Pattern Generator Control Registers

Table 399. Data Pattern Generator Register Map

Offset Register Name

base + 0 Enable

base + 1 Pattern Select

base + 2 Inject Error

base + 3 Preamble Control

base + 4 Preamble Character (Lower Bits)

base + 5 Preamble Character (Higher Bits)

Table 400. Enable Field Descriptions

Bit(s) Name Access Description

[0] EN RW Setting this bit to 1 enables the data pattern generator core.

[31:1] Reserved

Note to Table 29–4 :
1. When the core is enabled, only the Enable register and the Inject Error register have write access. Write access to

all other registers are ignored.The first valid data is observed from the Avalon-ST Source interface at the fourth cycle
after the Enable bit is set. When the core is disabled, the final output is observed at the next clock cycle.

Table 401. Pattern Select Field Descriptions

Bit(s) Name Access Description

[0] PRBS7 RW Setting this bit to 1 outputs a PRBS 7 pattern with T [7, 6].

[1] PRBS15 RW Setting this bit to 1 outputs a PRBS 15 pattern with T [15, 14].

[2] PRBS23 RW Setting this bit to 1 outputs a PRBS 23 pattern with T [23, 18].

[3] PRBS31 RW Setting this bit to 1 outputs a PRBS 31 pattern with T [31, 28].

[4] HF RW Setting this bit to 1 outputs a constant pattern of 0101010101… bits.

continued...   
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Bit(s) Name Access Description

[5] LF RW Setting this bit to 1 outputs a constant word pattern of 1111100000
for 10-bit words, or 11110000 for 8-bit words.

[31:8] Reserved

Note to Table 29–5 :
1. This register is one-hot encoded where only one of the pattern selector bits should be set to 1. For all other settings,

the behaviors are undefined.

This register allows you to set the error inject bit and insert one bit of error into the
stream.

Table 402. Inject Error Field Descriptions  (Note 1)

Bit(s) Name Access Description

[0] IJ RW Setting this bit to 1 injects error into the stream. If the IJ bit is set to
1 when the core is enabled, the bit resets itself to 0 at the next clock
cycle when the error is injected.

[31:1] Reserved

Note to Table 29–6 :
1. The LSB of the data beat is flipped at the fourth clock cycle after the IJ bit is set (if not being backpressured by the

sink when it is valid). The data beat that is injected with error might not be observed from the source if the core is
disabled within the next two cycles after IJ bit is set to 1.

This register enables preamble and set the number of cycles to output the preamble
character.

Table 403. Preamble Control Field Descriptions

Bit(s) Name Access Description

[0] EP RW Setting this bit to 1, at the start of pattern generation, enables the
preamble character to be sent for Numbits cycles before switching
over to the selected pattern.

[7:1] Reserved

[15:8] Numbits RW The number of bits to repeat the preamble character.

[31:16] Reserved

This register is for the user-defined preamble character (bit 0-31).

Table 404. Preamble Character Low Bits Field Descriptions

Bit(s) Name Access Description

[31:0] Preamble Character
(Lower Bits)

RW Sets bit 31-0 for the preamble character to output.

This register is for the user-defined preamble character (bit 32-39) but is ignored if
the ST_DATA_W value is set to 32.
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Table 405. Preamble Character High Bits Field Descriptions

Bit(s) Name Access Description

[7:0] Preamble Character
(Higher Bits)

RW Sets bit 39-32 for the preamble character. This is ignored
when the ST_DATA_W value is set to 32.

[31:8] Reserved

Data Pattern Checker Control and Status Registers

Table 406. Data Pattern Checker Control and Status Register Map

Offset Register Name

base + 0 Status

base + 1 Pattern Set

base + 2 Counter Control

base + 3 NumBits (Lower Bits)

base + 4 NumBits (Higher Bits)

base + 5 NumErrors (Lower Bits)

base + 6 NumErrors (Higher Bits)

Table 407. Status Field Descriptions

Bit(s) Name Access Description

[0] EN RW Setting this bit to 1 enables pattern checking.

[1] LK R Indicate lock status (writing to this bit has no effect).

[31:2] Reserved

Note to Table 29–11 :
1. When the core is enabled, only the Status register’s EN bit and the counter control register have write access.

Write access to all other registers are ignored.

Table 408. Pattern Select Field Descriptions

Bit(s) Name Access Description

[0] PRBS7 RW Setting this bit to 1 compares the data to a PRBS 7 pattern with T [7, 6].

[1] PRBS15 RW Setting this bit to 1 compares the data to a PRBS 15 pattern with T
[15, 14].

[2] PRBS23 RW Setting this bit to 1 compares the data to a PRBS 23 pattern with T
[23, 18].

[3] PRBS31 RW Setting this bit to 1 compares the data to a PRBS 31 pattern with T
[31, 28].

[4] HF RW Setting this bit to 1 compares the data to a constant pattern of
0101010101… bits.

[5] LF RW Setting this bit to 1 compares the data to a constant word pattern of
1111100000 for 10-bit words, or 11110000 for 8-bit words.

[31:8] Reserved

Note to Table 29–12 :
continued...   
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Bit(s) Name Access Description

1. This register is one-hot encoded where only one of the pattern selector bits should be set to 1. For all other settings,
the behaviors are undefined.

This register snapshots and resets the NumBits, NumErrors, and also the internal
counters.

Table 409. Counter Control Field Descriptions

Bit(s) Name Access Description

[0] SN W Writing this bit to 1 captures the number of bits received and number
of error bits received from the internal counters to the respective
NumBits and NumErrors registers within the same clock cycle.
Writing this bit to 1 after disabling the core will still capture the correct
values from the internal counters to the NumBits and NumErrors
registers.

[1] RST W Writing this bit to 1 resets all internal counters and statistics. This bit
resets itself automatically after the reset process. Re-enabling the core
does not automatically reset the number of bits received and number
of error bits received in the internal counter.

[31:2] Reserved

This register is the lower word of the 64-bit bit counter snapshot value. The register is
reset when the component-reset is asserted or when the RST bit is set to 1.

Table 410. NumBits (Lower Word) Field Descriptions

Bit(s) Name Access Description

[31:0] NumBits (Lower
Bits)

R Sets bit 31-0 for the NumBits (number of bits received).

This register is the higher word of the 64-bit bit counter snapshot value. The register
is reset when the component-reset is asserted or when the RST bit is set to 1.

Table 411. NumBits (Higher Word) Field Descriptions

Bit(s) Name Access Description

[31:0] NumBits (Higher
Bits)

R Sets bit 63-32 for the NumBits (number of bits received).

This register is the lower word of the 64-bit error counter snapshot value. The register
is reset when the component-reset is asserted or when the RST bit is set to 1.

Table 412. NumErrors (Lower Word) Field Descriptions

Bit(s) Name Access Description

[31:0] NumErrors (Lower
Bits)

R Sets bit 31-0 for the NumErrors (number of error bits received).

This register is the higher word of the 64-bit error counter snapshot value. The
register is reset when the component-reset is asserted or when the RST bit is set to 1.
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Table 413. NumErrors (Higher Word) Field Descriptions

Bit(s) Name Access Description

[31:0] NumErrors
(Higher Bits)

R Sets bit 63-32 for the NumErrors (number of error bits received).

39.6. Avalon-ST Data Pattern Generator and Checker Cores Revision
History

Document Version Intel Quartus
Prime Version

Changes

2020.09.21 20.2 Corrected Table: Counter Control Field Descriptions.

2018.05.07 18.0 Corrected Table: Counter Control Field Descriptions.

Date Version Changes

November 2017 2017.11.06 Updated the configuration information for both Data Pattern Generator and
Checker.

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

January 2010 v9.1.1 Initial release.
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40. Avalon-ST Test Pattern Generator and Checker Cores

40.1. Core Overview

The data generation and monitoring solution for Avalon Streaming (Avalon-ST)
consists of two components: a test pattern generator core that generates packetized
or non-packetized data and sends it out on an Avalon-ST data interface, and a test
pattern checker core that receives the same data and checks it for correctness.

The test pattern generator core can insert different error conditions, and the test
pattern checker reports these error conditions to the control interface, each via an
Avalon Memory-Mapped (Avalon-MM) agent.

40.2. Resource Utilization and Performance

Resource utilization and performance for the test pattern generator and checker cores
depend on the data width, number of channels, and whether the streaming data uses
the optional packet protocol.

Table 414. Test Pattern Generator Estimated Resource Utilization and Performance

No. of
Channel

s

Datawid
th (No.
of 8-bit
Symbol
s Per
Beat)

Packet
Support

Stratix II and Stratix II GX Cyclone II Stratix

fMAX
(MHz)

ALM
Count

Memory
(bits)

fMAX
(MHz)

Logic
Cells

Memory
(bits)

fMAX
(MHz)

Logic
Cells

Memory
(bits)

1 4 Yes 284 233 560 206 642 560 202 642 560

1 4 No 293 222 496 207 572 496 245 561 496

32 4 Yes 276 270 912 210 683 912 197 707 912

32 4 No 323 227 848 234 585 848 220 630 848

1 16 Yes 298 361 560 228 867 560 245 896 560

1 16 No 340 330 496 230 810 496 228 845 496

32 16 Yes 295 410 912 209 954 912 224 956 912

32 16 No 269 409 848 219 842 848 204 912 848
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Table 415. Test Pattern Checker Estimated Resource Utilization and Performance

No. of
Channel

s

Datawid
th (No.
of 8-bit
Symbol
s Per
Beat)

Packet
Support

Stratix II and Stratix II GX Cyclone II Stratix

fMAX
(MHz)

ALM
Count

Memory
(bits)

fMAX
(MHz)

Logic
Cells

Memory
(bits)

fMAX
(MHz)

Logic
Cells

Memory
(bits)

1 4 Yes 270 271 96 179 940 0 174 744 96

1 4 No 371 187 32 227 628 0 229 663 32

32 4 Yes 185 396 3616 111 875 3854 105 795 3616

32 4 No 221 363 3520 133 686 3520 133 660 3520

1 16 Yes 253 462 96 185 1433 0 166 1323 96

1 16 No 277 306 32 218 1044 0 192 1004 32

32 16 Yes 182 582 3616 111 1367 3584 110 1298 3616

32 16 No 218 473 3520 129 1143 3520 126 1074 3520

40.3. Test Pattern Generator

This section describes the hardware structure and functionality of the test pattern
generator core.

40.3.1. Functional Description

The test pattern generator core accepts commands to generate data via an Avalon-MM
command interface, and drives the generated data to an Avalon-ST data interface. You
can parameterize most aspects of the Avalon-ST data interface such as the number of
error bits and data signal width, thus allowing you to test components with different
interfaces.

Test Pattern Generator Core Block Diagram

 

command data_out

Control and Status

Test Pattern
Generator
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M

M
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en
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Avalon-ST
Source

Avalon-MM
Agent Port

The data pattern is determined by the following equation:
Symbol Value = Symbol Position in Packet XOR Data Error Mask. Non-packetized data
is one long stream with no beginning or end.
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The test pattern generator core has a throttle register that is set via the Avalon-MM
control interface. The value of the throttle register is used in conjunction with a
pseudo-random number generator to throttle the data generation rate.

Command Interface

The command interface is a 32-bit Avalon-MM write agent that accepts data
generation commands. It is connected to a 16-element deep FIFO, thus allowing a
host peripheral to drive a number of commands into the test pattern generator core.

The command interface maps to the following registers: cmd_lo and cmd_hi. The
command is pushed into the FIFO when the register cmd_lo (address 0) is written to.
When the FIFO is full, the command interface asserts the waitrequest signal. You
can create errors by writing to the register cmd_hi (address 1). The errors are only
cleared when 0 is written to this register or its respective fields. See page the Test
Pattern Generator Command Registers section for more information on the
register fields.

Control and Status Interface

The control and status interface is a 32-bit Avalon-MM agent that allows you to enable
or disable the data generation as well as set the throttle.

This interface also provides useful generation-time information such as the number of
channels and whether or not packets are supported.

Output Interface

The output interface is an Avalon-ST interface that optionally supports packets. You
can configure the output interface to suit your requirements.

Depending on the incoming stream of commands, the output data may contain
interleaved packet fragments for different channels. To keep track of the current
symbol’s position within each packet, the test pattern generator core maintains an
internal state for each channel.

40.3.2. Configuration

The following sections list the available options in the MegaWizard™ interface.

Functional Parameter

The functional parameter allows you to configure the test pattern generator as a
whole: Throttle Seed—The starting value for the throttle control random number
generator. Intel recommends a value which is unique to each instance of the test
pattern generator and checker cores in a system.
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Output Interface

You can configure the output interface of the test pattern generator core using the
following parameters:

• Number of Channels—The number of channels that the test pattern generator
core supports. Valid values are 1 to 256.

• Data Bits Per Symbol—The number of bits per symbol for the input and output
interfaces. Valid values are 1 to 256. Example—For typical systems that carry 8-bit
bytes, set this parameter to 8.

• Data Symbols Per Beat—The number of symbols (words) that are transferred
per beat. Valid values are 1 to 256.

• Include Packet Support—Indicates whether or not packet transfers are
supported. Packet support includes the startofpacket, endofpacket, and
empty signals.

• Error Signal Width (bits)—The width of the error signal on the output
interface. Valid values are 0 to 31. A value of 0 indicates that the error signal is
not used.

40.4. Test Pattern Checker

This section describes the hardware structure and functionality of the test pattern
checker core.

40.4.1. Functional Description

The test pattern checker core accepts data via an Avalon-ST interface, checks it for
correctness against the same predetermined pattern used by the test pattern
generator core to produce the data, and reports any exceptions to the control
interface. You can parameterize most aspects of the test pattern checker's Avalon-ST
interface such as the number of error bits and the data signal width, thus allowing you
to test components with different interfaces.

The test pattern checker has a throttle register that is set via the Avalon-MM control
interface. The value of the throttle register controls the rate at which data is accepted.

Figure 144. Test Pattern Checker
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The test pattern checker core detects exceptions and reports them to the control
interface via a 32-element deep internal FIFO. Possible exceptions are data error,
missing start-of-packet (SOP), missing end-of-packet (EOP) and signalled error.
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As each exception occurs, an exception descriptor is pushed into the FIFO. If the same
exception occurs more than once consecutively, only one exception descriptor is
pushed into the FIFO. All exceptions are ignored when the FIFO is full. Exception
descriptors are deleted from the FIFO after they are read by the control and status
interface.

Input Interface

The input interface is an Avalon-ST interface that optionally supports packets. You can
configure the input interface to suit your requirements.

Incoming data may contain interleaved packet fragments. To keep track of the current
symbol’s position, the test pattern checker core maintains an internal state for each
channel.

Control and Status Interface

The control and status interface is a 32-bit Avalon-MM agent that allows you to enable
or disable data acceptance as well as set the throttle. This interface provides useful
generation-time information such as the number of channels and whether the test
pattern checker supports packets.

The control and status interface also provides information on the exceptions detected
by the test pattern checker core. The interface obtains this information by reading
from the exception FIFO.

40.4.2. Configuration

The following sections list the available options in the MegaWizard™ interface.

Functional Parameter

The functional parameter allows you to configure the test pattern checker as a whole:
Throttle Seed—The starting value for the throttle control random number generator.
Intel recommends a unique value to each instance of the test pattern generator and
checker cores in a system.

Input Parameters

You can configure the input interface of the test pattern checker core using the
following parameters:

• Data Bits Per Symbol—The number of bits per symbol for the input interface.
Valid values are 1 to 256.

• Data Symbols Per Beat—The number of symbols (words) that are transferred
per beat. Valid values are 1 to 32.

• Include Packet Support—Indicates whether or not packet transfers are
supported. Packet support includes the startofpacket, endofpacket, and
empty signals.

• Number of Channels—The number of channels that the test pattern checker core
supports. Valid values are 1 to 256.

• Error Signal Width (bits)—The width of the error signal on the input interface.
Valid values are 0 to 31. A value of 0 indicates that the error signal is not in use.
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40.5. Hardware Simulation Considerations

The test pattern generator and checker cores do not provide a simulation testbench
for simulating a stand-alone instance of the component. However, you can use the
standard Platform Designer simulation flow to simulate the component design files
inside an Platform Designer system.

40.6. Software Programming Model

This section describes the software programming model for the test pattern generator
and checker cores.

40.6.1. HAL System Library Support

For Nios II processor users, Intel provides HAL system library drivers that enable you
to initialize and access the test pattern generator and checker cores. Intel
recommends you to use the provided drivers to access the cores instead of accessing
the registers directly.

For Nios II IDE users, copy the provided drivers from the following installation folders
to your software application directory:

• <IP installation directory> /ip /sopc_builder_ip /
altera_avalon_data_source/HAL

• <IP installation directory>/ip/sopc_builder_ip/
altera_avalon_data_sink/HAL

This instruction does not apply if you use the Nios II command-line tools.

40.6.2. Software Files

The following software files define the low-level access to the hardware, and provide
the routines for the HAL device drivers. Application developers should not modify
these files.

• Software files provided with the test pattern generator core:

— data_source_regs.h—The header file that defines the test pattern
generator's register maps.

— data_source_util.h, data_source_util.c—The header and source
code for the functions and variables required to integrate the driver into the
HAL system library.

• Software files provided with the test pattern checker core:

— data_sink_regs.h—The header file that defines the core’s register maps.

— data_sink_util.h, data_sink_util.c—The header and source code for
the functions and variables required to integrate the driver into the HAL
system library.

40.6.3. Register Maps

This section describes the register maps for the test pattern generator and checker
cores.
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Test Pattern Generator Control and Status Registers

The table below shows the offset for the test pattern generator control and status
registers. Each register is 32 bits wide.

Table 416. Test Pattern Generator Control and Status Register Map

Offset Register Name

base + 0 status

base + 1 control

base + 2 fill

Table 417. Status Field Descriptions

Bit(s) Name Access Description

[15:0] ID RO A constant value of 0x64.

[23:16] NUMCHANNELS RO The configured number of channels.

[30:24] NUMSYMBOLS RO The configured number of symbols per beat.

[31] SUPPORTPACKETS RO A value of 1 indicates packet support.

Table 418. Control Field Descriptions

Bit(s) Name Access Description

[0] ENABLE RW Setting this bit to 1 enables the test pattern generator core.

[7:1] Reserved

[16:8] THROTTLE RW Specifies the throttle value which can be between 0–256, inclusively.
This value is used in conjunction with a pseudorandom number
generator to throttle the data generation rate.
Setting THROTTLE to 0 stops the test pattern generator core. Setting it
to 256 causes the test pattern generator core to run at full throttle.
Values between 0–256 result in a data rate proportional to the throttle
value.

[17] SOFT RESET RW When this bit is set to 1, all internal counters and statistics are reset.
Write 0 to this bit to exit reset.

[31:18] Reserved

Table 419. Fill Field Descriptions

Bit(s) Name Access Description

[0] BUSY RO A value of 1 indicates that data transmission is in progress, or that
there is at least one command in the command queue.

[6:1] Reserved

[15:7] FILL RO The number of commands currently in the command FIFO.

[31:16] Reserved

Test Pattern Generator Command Registers

The table below shows the offset for the command registers. Each register is 32 bits
wide.
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Table 420. Test Pattern Command Register Map

Offset Register Name

base + 0 cmd_lo

base + 1 cmd_hi

The command is pushed into the FIFO only when the cmd_lo register is written to.

Table 421. cmd_lo Field Descriptions

Bit(s) Name Access Description

[15:0] SIZE RW The segment size in symbols. Except for the last segment in a packet, the
size of all segments must be a multiple of the configured number of
symbols per beat. If this condition is not met, the test pattern generator
core inserts additional symbols to the segment to ensure the condition is
fulfilled.

[29:16] CHANNEL RW The channel to send the segment on. If the channel signal is less than
14 bits wide, the low order bits of this register are used to drive the signal.

[30] SOP RW Set this bit to 1 when sending the first segment in a packet. This bit is
ignored when packets are not supported.

[31] EOP RW Set this bit to 1 when sending the last segment in a packet. This bit is
ignored when packets are not supported.

Table 422. cmd_hi Field Descriptions

Bit(s) Name Access Description

[15:0] SIGNALLED
ERROR

RW Specifies the value to drive the error signal. A non-zero value creates
a signalled error.

[23:16] DATA ERROR RW The output data is XORed with the contents of this register to create
data errors. To stop creating data errors, set this register to 0.

[24] SUPRESS SOP RW Set this bit to 1 to suppress the assertion of the startofpacket
signal when the first segment in a packet is sent.

[25] SUPRESS EOP RW Set this bit to 1 to suppress the assertion of the endofpacket signal
when the last segment in a packet is sent.

Test Pattern Checker Control and Status Registers

The table below shows the offset for the control and status registers. Each register is
32 bits wide.

Table 423. Test Pattern Checker Control and Status Register Map

Offset Register Name

base + 0 status

base + 1 control

base + 2 Reserved

base + 3

base + 4

continued...   
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Offset Register Name

base + 5 exception_descriptor

base + 6 indirect_select

base + 7 indirect_count

Table 424. Status Field Descriptions

Bit(s) Name Access Description

[15:0] ID RO Contains a constant value of 0x65.

[23:16] NUMCHANNELS RO The configured number of channels.

[30:24] NUMSYMBOLS RO The configured number of symbols per beat.

[31] SUPPORTPACKETS RO A value of 1 indicates packet support.

Table 425. Control Field Descriptions

Bit(s) Name Access Description

[0] ENABLE RW Setting this bit to 1 enables the test pattern checker.

[7:1] Reserved

[16:8] THROTTLE RW Specifies the throttle value which can be between 0–256, inclusively.
This value is used in conjunction with a pseudorandom number
generator to throttle the data generation rate.
Setting THROTTLE to 0 stops the test pattern generator core. Setting it
to 256 causes the test pattern generator core to run at full throttle.
Values between 0–256 result in a data rate proportional to the throttle
value.

[17] SOFT RESET RW When this bit is set to 1, all internal counters and statistics are reset.
Write 0 to this bit to exit reset.

[31:18] Reserved

The table below describes the exception_descriptor register bits. If there is no
exception, reading this register returns 0.

Table 426. exception_descriptor Field Descriptions

Bit(s) Name Access Description

[0] DATA ERROR RO A value of 1 indicates that an error is detected in the incoming data.

[1] MISSINGSOP RO A value of 1 indicates missing start-of-packet.

[2] MISSINGEOP RO A value of 1 indicates missing end-of-packet.

[7:3] Reserved

[15:8] SIGNALLED
ERROR

RO The value of the error signal.

[23:16] Reserved

[31:24] CHANNEL RO The channel on which the exception was detected.

40. Avalon-ST Test Pattern Generator and Checker Cores

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

532

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 533 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Table 427. indirect_select Field Descriptions

Bit Bits Name Access Description

[7:0] INDIRECT
CHANNEL

RW Specifies the channel number that applies to the INDIRECT PACKET
COUNT, INDIRECT SYMBOL COUNT, and INDIRECT ERROR COUNT
registers.

[15:8] Reserved

[31:16] INDIRECT ERROR RO The number of data errors that occurred on the channel specified by
INDIRECT CHANNEL.

Table 428. indirect_count Field Descriptions

Bit Bits Name Access Description

[15:0] INDIRECT
PACKET COUNT

RO The number of packets received on the channel specified by INDIRECT
CHANNEL.

[31:16] INDIRECT
SYMBOL COUNT

RO The number of symbols received on the channel specified by
INDIRECT CHANNEL.

40.7. Test Pattern Generator API

This section describes the application programming interface (API) for the test pattern
generator core. All API functions are currently not available from the interrupt service
routine (ISR).

40.7.1. data_source_reset()

Prototype: void data_source_reset(alt_u32 base);

Thread-safe: No.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: void.

Description: This function resets the test pattern generator core including all internal counters and FIFOs. The control
and status registers are not reset by this function.

40.7.2. data_source_init()

Prototype: int data_source_init(alt_u32 base, alt_u32 command_base);

Thread-safe: No.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.
command_base—The base address of the command agent.

Returns: 1—Initialization is successful.
0—Initialization is unsuccessful.

Description: This function performs the following operations to initialize the test pattern generator core:
Resets and disables the test pattern generator core.
Sets the maximum throttle.
Clears all inserted errors.
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40.7.3. data_source_get_id()

Prototype: int data_source_get_id(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The test pattern generator core’s identifier.

Description: This function retrieves the test pattern generator core’s identifier.

40.7.4. data_source_get_supports_packets()

Prototype: int data_source_init(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: 1—Packets are supported.
0—Packets are not supported.

Description: This function checks if the test pattern generator core supports packets.

40.7.5. data_source_get_num_channels()

Prototype: int data_source_get_num_channels(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The number of channels supported.

Description: This function retrieves the number of channels supported by the test pattern generator core.

40.7.6. data_source_get_symbols_per_cycle()

Prototype: int data_source_get_symbols(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The number of symbols transferred in a beat.

Description: This function retrieves the number of symbols transferred by the test pattern generator core in each
beat.
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40.7.7. data_source_set_enable()

Prototype: void data_source_set_enable(alt_u32 base, alt_u32 value);

Thread-safe: No.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.
value—The ENABLE bit is set to the value of this parameter.

Returns: void.

Description: This function enables or disables the test pattern generator core. When disabled, the test pattern
generator core stops data transmission but continues to accept commands and stores them in the FIFO.

40.7.8. data_source_get_enable()

Prototype: int data_source_get_enable(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The value of the ENABLE bit.

Description: This function retrieves the value of the ENABLE bit.

40.7.9. data_source_set_throttle()

Prototype: void data_source_set_throttle(alt_u32 base, alt_u32 value);

Thread-safe: No.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.
value—The throttle value.

Returns: void.

Description: This function sets the throttle value, which can be between 0–256 inclusively. The throttle value, when
divided by 256 yields the rate at which the test pattern generator sends data.

40.7.10. data_source_get_throttle()

Prototype: int data_source_get_throttle(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The throttle value.

Description: This function retrieves the current throttle value.
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40.7.11. data_source_is_busy()

Prototype: int data_source_is_busy(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: 1—The test pattern generator core is busy.
0—The core is not busy.

Description: This function checks if the test pattern generator is busy. The test pattern generator core is busy when it
is sending data or has data in the command FIFO to be sent.

40.7.12. data_source_fill_level()

Prototype: int data_source_fill_level(alt_u32 base);

Thread-safe: Yes.

Include: <data_source_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The number of commands in the command FIFO.

Description: This function retrieves the number of commands currently in the command FIFO.

40.7.13. data_source_send_data()

Prototype: int data_source_send_data(alt_u32 cmd_base, alt_u16 channel, alt_u16 size,
alt_u32 flags, alt_u16 error, alt_u8 data_error_mask);

Thread-safe: No.

Include: <data_source_util.h>

Parameters: cmd_base—The base address of the command agent.
channel—The channel to send the data on.
size—The data size.
flags—Specifies whether to send or suppress SOP and EOP signals. Valid values are
DATA_SOURCE_SEND_SOP, DATA_SOURCE_SEND_EOP, DATA_SOURCE_SEND_SUPRESS_SOP and
DATA_SOURCE_SEND_SUPRESS_EOP.
error—The value asserted on the error signal on the output interface.
data_error_mask—This parameter and the data are XORed together to produce erroneous data.

Returns: Always returns 1.

Description: This function sends a data fragment to the specified channel.
If packets are supported, user applications must ensure the following conditions are met:
SOP and EOP are used consistently in each channel.
Except for the last segment in a packet, the length of each segment is a multiple of the data width.
If packets are not supported, user applications must ensure the following conditions are met:
No SOP and EOP indicators in the data.
The length of each segment in a packet is a multiple of the data width.
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40.8. Test Pattern Checker API

This section describes the API for the test pattern checker core. The API functions are
currently not available from the ISR.

40.8.1. data_sink_reset()

Prototype: void data_sink_reset(alt_u32 base);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: void.

Description: This function resets the test pattern checker core including all internal counters.

40.8.2. data_sink_init()

Prototype: int data_source_init(alt_u32 base);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: 1—Initialization is successful.
0—Initialization is unsuccessful.

Description: This function performs the following operations to initialize the test pattern checker core:
Resets and disables the test pattern checker core.
Sets the throttle to the maximum value.

40.8.3. data_sink_get_id()

Prototype: int data_sink_get_id(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The test pattern checker core’s identifier.

Description: This function retrieves the test pattern checker core’s identifier.

40.8.4. data_sink_get_supports_packets()

Prototype: int data_sink_init(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: 1—Packets are supported.

continued...   
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0—Packets are not supported.

Description: This function checks if the test pattern checker core supports packets.

40.8.5. data_sink_get_num_channels()

Prototype: int data_sink_get_num_channels(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The number of channels supported.

Description: This function retrieves the number of channels supported by the test pattern checker core.

40.8.6. data_sink_get_symbols_per_cycle()

Prototype: int data_sink_get_symbols(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The number of symbols received in a beat.

Description: This function retrieves the number of symbols received by the test pattern checker core in each beat.

40.8.7. data_sink_set enable()

Prototype: void data_sink_set_enable(alt_u32 base, alt_u32 value);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.
value—The ENABLE bit is set to the value of this parameter.

Returns: void.

Description: This function enables the test pattern checker core.

40.8.8. data_sink_get_enable()

Prototype: int data_sink_get_enable(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The value of the ENABLE bit.

Description: This function retrieves the value of the ENABLE bit.
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40.8.9. data_sink_set_throttle()

Prototype: void data_sink_set_throttle(alt_u32 base, alt_u32 value);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.
value—The throttle value.

Returns: void.

Description: This function sets the throttle value, which can be between 0–256 inclusively. The throttle value, when
divided by 256 yields the rate at which the test pattern checker receives data.

40.8.10. data_sink_get_throttle()

Prototype: int data_sink_get_throttle(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The throttle value.

Description: This function retrieves the throttle value.

40.8.11. data_sink_get_packet_count()

Prototype: int data_sink_get_packet_count(alt_u32 base, alt_u32 channel);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.
channel—Channel number.

Returns: The number of packets received on the given channel.

Description: This function retrieves the number of packets received on a given channel.

40.8.12. data_sink_get_symbol_count()

Prototype: int data_sink_get_symbol_count(alt_u32 base, alt_u32 channel);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.
channel—Channel number.

Returns: The number of symbols received on the given channel.

Description: This function retrieves the number of symbols received on a given channel.
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40.8.13. data_sink_get_error_count()

Prototype: int data_sink_get_error_count(alt_u32 base, alt_u32 channel);

Thread-safe: No.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.
channel—Channel number.

Returns: The number of errors received on the given channel.

Description: This function retrieves the number of errors received on a given channel.

40.8.14. data_sink_get_exception()

Prototype: int data_sink_get_exception(alt_u32 base);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: base—The base address of the control and status agent.

Returns: The first exception descriptor in the exception FIFO.
0—No exception descriptor found in the exception FIFO.

Description: This function retrieves the first exception descriptor in the exception FIFO and pops it off the FIFO.

40.8.15. data_sink_exception_is_exception()

Prototype: int data_sink_exception_is_exception(int exception);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: exception—Exception descriptor

Returns: 1—Indicates an exception.
0—No exception.

Description: This function checks if a given exception descriptor describes a valid exception.

40.8.16. data_sink_exception_has_data_error()

Prototype: int data_sink_exception_has_data_error(int exception);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: exception—Exception descriptor.

Returns: 1—Data has errors.
0—No errors.

Description: This function checks if a given exception indicates erroneous data.
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40.8.17. data_sink_exception_has_missing_sop()

Prototype: int data_sink_exception_has_missing_sop(int exception);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: exception—Exception descriptor.

Returns: 1—Missing SOP.
0—Other exception types.

Description: This function checks if a given exception descriptor indicates missing SOP.

40.8.18. data_sink_exception_has_missing_eop()

Prototype: int data_sink_exception_has_missing_eop(int exception);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: exception—Exception descriptor.

Returns: 1—Missing EOP.
0—Other exception types.

Description: This function checks if a given exception descriptor indicates missing EOP.

40.8.19. data_sink_exception_signalled_error()

Prototype: int data_sink_exception_signalled_error(int exception);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: exception—Exception descriptor.

Returns: The signalled error value.

Description: This function retrieves the value of the signalled error from the exception.

40.8.20. data_sink_exception_channel()

Prototype: int data_sink_exception_channel(int exception);

Thread-safe: Yes.

Include: <data_sink_util.h>

Parameters: exception—Exception descriptor.

Returns: The channel number on which the given exception occurred.

Description: This function retrieves the channel number on which a given exception occurred.
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40.9. Avalon-ST Test Pattern Generator and Checker Cores Revision
History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Updated the section on HAL System Library Support.
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41. System ID Peripheral Core

41.1. Core Overview

The system ID core with Avalon interface is a simple read-only device that provides
Platform Designer systems with a unique identifier. Nios II and Nios V processors
systems use the system ID core to verify that an executable program was compiled
targeting the actual hardware image configured in the target FPGA. If the expected ID
in the executable does not match the system ID core in the FPGA, it is possible that
the software will not execute correctly.

41.2. Functional Description

The system ID core provides a read-only Avalon Memory-Mapped (Avalon-MM) agent
interface. This interface has two 32-bit registers, as shown in the table below. The
value of each register is determined at system generation time, and always returns a
constant value.

Table 429. System ID Core Register Map

Offset Register Name R/W Description

0 id R A unique 32-bit value that is based on the contents of the
Platform Designer system. The id is similar to a check-sum
value; Platform Designer systems with different
components, different configuration options, or both,
produce different id values.

1 timestamp R A unique 32-bit value that is based on the system
generation time. The value is equivalent to the number of
seconds after Jan. 1, 1970.

There are two basic ways to use the system ID core:

• Verify the system ID before downloading new software to a system. This method
is used by software development tools, such as the Nios II integrated development
environment (IDE). There is little point in downloading a program to a target
hardware system, if the program is compiled for different hardware. Therefore, the
Nios II IDE checks that the system ID core in hardware matches the expected
system ID of the software before downloading a program to run or debug.

• Check system ID after reset. If a program is running on hardware other than the
expected Platform Designer system, the program may fail to function altogether. If
the program does not crash, it can behave erroneously in subtle ways that are
difficult to debug. To protect against this case, a program can compare the
expected system ID against the system ID core, and report an error if they do not
match.
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41.3. Configuration

The id and timestamp register values are determined at system generation time
based on the configuration of the Platform Designer system and the current time. You
can add only one system ID core to an Platform Designer system, and its name is
always sysid.

After system generation, you can examine the values stored in the id and
timestamp registers by opening the IP Parameter Editor for the System ID core.

Since a unique timestamp value is added to the System ID HDL file each time you
generate the Platform Designer system, the Intel Quartus Prime software recompiles
the entire system if you have added the system as a design partition.

Note: In Intel Quartus Prime Pro Edition, the Platform Designer generation process needs an
additional TCL script for manual execution to have a unique timestamp value.

Follow these steps to have a unique timestamp value using the Intel Quartus Prime
Pro Edition version:

1. Create a Platform Designer system with the System ID core.

2. Go to View>System Scripting. Click on User Scripts and direct to soceds/
examples/hardware/<*_ghrd folder>/update_sysid.tcl (you may also
copy the script into your local directory and point to it).

3. Click on Run Script.

4. After you run the script, the IP Parameter Editor window appears. Ensure that no
error message is shown under System Scripting Messages box.

5. To save changes to your .ip file, select File > Save option.

6. Select File > Open to open your main QSYS system. Switch toSystem tab of the
Open window, navigate and select your main QSYS system file in the Platform
designer system field (on the bottom).

Note: You must change Files of Type field to All Files (*.qsys), then click Open.

7. Click on Sync System Info in Platform Designer.

8. Click on Generate HDL.

41.4. Software Programming Model

This section describes the software programming model for the system ID core. For
Nios II and Nios V processors users, Intel provides the HAL system library header file
that defines the System ID core registers.

The System ID core comes with the following software files. These files provide low-
level access to the hardware. Application developers should not modify these files.

• alt_avalon_sysid_regs.h—Defines the interface to the hardware registers.

• alt_avalon_sysid.c, alt_avalon_sysid.h—Header and source files
defining the hardware access functions.

Intel provides one access routine, alt_avalon_sysid_test(), that returns a
value indicating whether the system ID expected by software matches the system
ID core.
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41.4.1. alt_avalon_sysid_test()

Prototype: alt_32 alt_avalon_sysid_test(void)

Thread-safe: No.

Available from
ISR:

Yes.

Include: <altera_avalon_sysid.h>

Description: Returns 0 if the values stored in the hardware registers match the values expected by software.
Returns 1 if the hardware timestamp is greater than the software timestamp. Returns -1 if the
software timestamp is greater than the hardware timestamp.

41.5. System ID Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.10.18 21.3 Added Nios V processor in the description for the following sections:
• Core Overview
• Software Programming Model

2018.07.30 18.0 Corrected the steps to have a unique timestamp value in Configuration
section.

2018.05.07 18.0 Added the steps to have a unique timestamp value in Configuration
section.

Date Version Changes

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform Designer

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 Added description to the Instantiating the Core in SOPC Builder section.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 No change from previous release.
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42. Avalon Packets to Transactions Converter Core

42.1. Core Overview

The Avalon Packets to Transactions Converter core receives streaming data from
upstream components and initiates Avalon Memory-Mapped (Avalon-MM) transactions.
The core then returns Avalon-MM transaction responses to the requesting
components.

The SPI Agent to Avalon Host Bridge and JTAG to Avalon Host Bridge are examples of
how this core is used.

For more information on the bridge, refer to “SPI Agent/JTAG to Avalon Host Bridge
Cores” on page 18–1

42.2. Functional Description

Figure 145. Avalon Packets to Transactions Converter Core
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42.2.1. Interfaces

Table 430. Properties of Avalon-ST Interfaces

Feature Property

Backpressure Ready latency = 0.

Data Width Data width = 8 bits; Bits per symbol = 8.

Channel Not supported.

Error Not used.

Packet Supported.
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The Avalon-MM Host interface supports read and write transactions. The data width is
set to 32 bits and burst transactions are not supported.

For more information about Avalon-ST interfaces, refer to Avalon Interface
Specifications.

42.2.2. Operation

The Avalon Packets to Transactions Converter core receives streams of packets on its
Avalon-ST sink interface and initiates Avalon-MM transactions. Upon receiving
transaction responses from Avalon-MM agents, the core transforms the responses to
packets and returns them to the requesting components via its Avalon-ST source
interface. The core does not report Avalon-ST errors.

Packet Formats

The core expects incoming data streams to be in the format shown in the table below.
A response packet is returned for every write transaction. The core also returns a
response packet if a no transaction (0x7f) is received. An invalid transaction code is
regarded as a no transaction. For read transactions, the core simply returns the data
read.

Table 431. Packet Formats

Byte Field Description

Transaction Packet Format

0 Transaction code Type of transaction. See Properties of Avalon-ST Interfaces table.

1 Reserved Reserved for future use.

[3:2] Size Transaction size in bytes. For write transactions, the size indicates the
size of the data field. For read transactions, the size indicates the total
number of bytes to read.

[7:4] Address 32-bit address for the transaction.

[n:8] Data Transaction data; data to be written for write transactions.

Response Packet Format

0 Transaction code The transaction code with the most significant bit inversed.

1 Reserved Reserved for future use.

[3:2] Size Total number of bytes read/written successfully.

Supported Transactions

The table below lists the Avalon-MM transactions supported by the core.

Table 432. Transaction Supported

Transaction
Code

Avalon-MM Transaction Description

0x00 Write, non-incrementing address. Writes data to the given address until the total number of bytes written to
the same word address equals to the value specified in the size field.

0x04 Write, incrementing address. Writes transaction data starting at the given address.

continued...   
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Transaction
Code

Avalon-MM Transaction Description

0x10 Read, non-incrementing address. Reads 32 bits of data from the given address until the total number of
bytes read from the same address equals to the value specified in the
size field.

0x14 Read, incrementing address. Reads the number of bytes specified in the size field starting from the
given address.

0x7f No transaction. No transaction is initiated. You can use this transaction type for testing
purposes. Although no transaction is initiated on the Avalon-MM interface,
the core still returns a response packet for this transaction code.

The core can handle only a single transaction at a time. The ready signal on the
core's Avalon-ST sink interface is asserted only when the current transaction is
completely processed.

No internal buffer is implemented on the data paths. Data received on the Avalon-ST
interface is forwarded directly to the Avalon-MM interface and vice-versa. Asserting
the waitrequest signal on the Avalon-MM interface back-pressures the Avalon-ST
sink interface. In the opposite direction, if the Avalon-ST source interface is back-
pressured, the read signal on the Avalon-MM interface is not asserted until the
backpressure is alleviated. Back-pressuring the Avalon-ST source in the middle of a
read could result in data loss. In such cases, the core returns the data that is
successfully received.

A transaction is considered complete when the core receives an EOP. For write
transactions, the actual data size is expected to be the same as the value of the size
field. Whether or not both values agree, the core always uses the EOP to determine
the end of data.

Malformed Packets

The following are examples of malformed packets:

• Consecutive start of packet (SOP)—An SOP marks the beginning of a transaction.
If an SOP is received in the middle of a transaction, the core drops the current
transaction without returning a response packet for the transaction, and initiates a
new transaction. This effectively handles packets without an end of packet(EOP).

• Unsupported transaction codes—The core treats unsupported transactions as a no
transaction.

42.3. Avalon Packets to Transactions Converter Core Revision
History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

November 2017 2017.11.06 Corrected the Size field for Response Packet Format in the Table: Packet
Formats.

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Qsys.
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Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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43. Avalon-ST Multiplexer and Demultiplexer Cores

43.1. Core Overview

The Avalon streaming (Avalon-ST) channel multiplexer core receives data from a
number of input interfaces and multiplexes the data into a single output interface,
using the optional channel signal to indicate which input the output data is from. The
Avalon-ST channel demultiplexer core receives data from a channelized input interface
and drives that data to multiple output interfaces, where the output interface is
selected by the input channel signal.

The multiplexer and demultiplexer can transfer data between interfaces on cores that
support the unidirectional flow of data. The multiplexer and demultiplexer allow you to
create multiplexed or de-multiplexer datapaths without having to write custom HDL
code to perform these functions. The multiplexer includes a round-robin scheduler.
Both cores are Platform Designer-ready and integrate easily into any Platform
Designer-generated system. This chapter contains the following sections:

43.1.1. Resource Usage and Performance

Resource utilization for the cores depends upon the number of input and output
interfaces, the width of the datapath and whether the streaming data uses the
optional packet protocol. For the multiplexer, the parameterization of the scheduler
also effects resource utilization.

Table 433. Multiplexer Estimated Resource Usage and Performance

No. of
Inputs

Data Width Scheduling
Size

(Cycles)

Stratix II and
Stratix II GX

(Approximate LEs)

Cyclone II Stratix

fMAX
(MHz)

ALM
Count

fMAX
(MHz)

Logic Cells fMAX
(MHz)

Logic Cells

2 Y 1 500 31 420 63 422 80

2 Y 2 500 36 417 60 422 58

2 Y 32 451 43 364 68 360 49

8 Y 2 401 150 257 233 228 298

8 Y 32 356 151 219 207 211 123

16 Y 2 262 333 174 533 170 284

16 Y 32 310 337 161 471 157 277

2 N 1 500 23 400 48 422 52
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No. of
Inputs

Data Width Scheduling
Size

(Cycles)

Stratix II and
Stratix II GX

(Approximate LEs)

Cyclone II Stratix

fMAX
(MHz)

ALM
Count

fMAX
(MHz)

Logic Cells fMAX
(MHz)

Logic Cells

2 N 9 500 30 420 52 422 56

11 N 9 292 275 197 397 182 287

16 N 9 262 295 182 441 179 224

The core operating frequency varies with the device, the number of interfaces and the
size of the datapath.

Table 434. Demultiplexer Estimated Resource Usage

No. of Inputs Data Width
(Symbols per

Beat)

Stratix II
(Approximate LEs)

Cyclone II Stratix II GX
(Approximate LEs)

fMAX
(MHz)

ALM Count fMAX
(MHz)

Logic Cells fMAX
(MHz)

Logic Cells

2 1 500 53 400 61 399 44

15 1 349 171 235 296 227 273

16 1 363 171 233 294 231 290

2 2 500 85 392 97 381 71

15 2 352 247 213 450 210 417

16 2 328 280 218 451 222 443

43.2. Multiplexer

This section describes the hardware structure and functionality of the multiplexer
component.

43.2.1. Functional Description

The Avalon-ST multiplexer takes data from a number of input data interfaces, and
multiplexes the data onto a single output interface. The multiplexer includes a simple,
round-robin scheduler that selects from the next input interface that has data. Each
input interface has the same width as the output interface, so that all other input
interfaces are backpressured when the multiplexer is carrying data from a different
input interface.

The multiplexer includes an optional channel signal that enables each input interface
to carry channelized data. When the channel signal is present on input interfaces,
the multiplexer adds log2 (num_input_interfaces) bits to make the output channel
signal, such that the output channel signal has all of the bits of the input channel plus
the bits required to indicate which input interface each cycle of data is from. These
bits are appended to either the most or least significant bits of the output channel
signal as specified in the Platform Designer MegaWizard™ interface.
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Figure 146. Multiplexer
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The internal scheduler considers one input interface at a time, selecting it for transfer.
Once an input interface has been selected, data from that input interface is sent until
one of the following scenarios occurs:

• The specified number of cycles have elapsed.

• The input interface has no more data to send and valid is deasserted on a ready
cycle.

• When packets are supported, endofpacket is asserted.

Input Interfaces

Each input interface is an Avalon-ST data interface that optionally supports packets.
The input interfaces are identical; they have the same symbol and data widths, error
widths, and channel widths.

Output Interface

The output interface carries the multiplexed data stream with data from all of the
inputs. The symbol, data, and error widths are the same as the input interfaces. The
width of the channel signal is the same as the input interfaces, with the addition of
the bits needed to indicate the input each datum was from.

43.2.2. Parameters

The following sections list the available options in the IP Parameter Editor.

43. Avalon-ST Multiplexer and Demultiplexer Cores

683130 | 2022.03.28

Embedded Peripherals IP User Guide Send Feedback

552

Case 6:22-cv-00335-ADA   Document 44-19   Filed 12/16/22   Page 553 of 624

Petitioner Intel Corp., Ex. 1011 
IPR2023-00783



Functional Parameters

You can configure the following options for the multiplexer:

• Number of Input Ports—The number of input interfaces that the multiplexer
supports. Valid values are 2–16.

• Scheduling Size (Cycles)—The number of cycles that are sent from a single
channel before changing to the next channel.

• Use Packet Scheduling—When this option is on, the multiplexer only switches
the selected input interface on packet boundaries. Hence, packets on the output
interface are not interleaved.

• Use high bits to indicate source port—When this option is on, the high bits of
the output channel signal are used to indicate the input interface that the data
came from. For example, if the input interfaces have 4-bit channel signals, and the
multiplexer has 4 input interfaces, the output interface has a 6-bit channel signal.
If this parameter is true, bits [5:4] of the output channel signal indicate the input
interface the data is from, and bits [3:0] are the channel bits that were presented
at the input interface.

Output Interface

You can configure the following options for the output interface:

• Data Bits Per Symbol—The number of bits per symbol for the input and output
interfaces. Valid values are 1–32 bits.

• Data Symbols Per Beat—The number of symbols (words) that are transferred
per beat (transfer). Valid values are 1–32.

• Include Packet Support—Indicates whether or not packet transfers are
supported. Packet support includes the startofpacket, endofpacket, and
empty signals.

• Channel Signal Width (bits)—The number of bits used for the channel signal
for input interfaces. A value of 0 indicates that input interfaces do not have
channels. A value of 4 indicates that up to 16 channels share the same input
interface. The input channel can have a width between 0–31 bits. A value of 0
means that the optional channel signal is not used.

• Error Signal Width (bits)—The width of the error signal for input and output
interfaces. A value of 0 means the error signal is not used.

43.3. Demultiplexer

This section describes the hardware structure and functionality of the demultiplexer
component.

43.3.1. Functional Description

That Avalon-ST demultiplexer takes data from a channelized input data interface and
provides that data to multiple output interfaces, where the output interface selected
for a particular transfer is specified by the input channel signal. The data is delivered
to the output interfaces in the same order it was received at the input interface,
regardless of the value of channel, packet, frame, or any other signal. Each of the
output interfaces has the same width as the input interface, so each output interface
is idle when the demultiplexer is driving data to a different output interface. The
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demultiplexer uses log2 (num_output_interfaces) bits of the channel signal to select
the output to which to forward the data; the remainder of the channel bits are
forwarded to the appropriate output interface unchanged.

Figure 147. Demultiplexer
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Input Interface

Each input interface is an Avalon-ST data interface that optionally supports packets.

Output Interfaces

Each output interface carries data from a subset of channels from the input interface.
Each output interface is identical; all have the same symbol and data widths, error
widths, and channel widths. The symbol, data, and error widths are the same as the
input interface. The width of the channel signal is the same as the input interface,
without the bits that were used to select the output interface.

43.3.2. Parameters

The following sections list the available options in the IP Parameter Editor.

Functional Parameters

You can configure the following options for the demultiplexer as a whole:

• Number of Output Ports—The number of output interfaces that the multiplexer
supports. Valid values are 2–16.

• High channel bits select output—When this option is on, the high bits of the
input channel signal are used by the de-multiplexing function and the low order
bits are passed to the output. When this option is off, the low order bits are used
and the high order bits are passed through.

The following example illustrates the significance of the location of these signals.
In the Select Bits for De-multiplexer figure below there is one input interface
and two output interfaces. If the low-order bits of the channel signal select the
output interfaces, the even channels goes to channel 0 and the odd channels goes
to channel 1. If the high-order bits of the channel signal select the output
interface, channels 0–7 goes to channel 0 and channels 8–15 goes to channel 1.
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Figure 148. Select Bits for De-multiplexer
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You can configure the following options for the input interface:

• Data Bits Per Symbol—The number of bits per symbol for the input and output
interfaces. Valid values are 1 to 32 bits.

• Data Symbols Per Beat—The number of symbols (words) that are transferred
per beat (transfer). Valid values are 1 to 32.

• Include Packet Support—Indicates whether or not packet transfers are
supported. Packet support includes the startofpacket, endofpacket, and
empty signals.

• Channel Signal Width (bits)—The number of bits used for the channel signal
for output interfaces. A value of 0 means that output interfaces do not use the
optional channel signal.

• Error Signal Width (bits)—The width of the error signal for input and output
interfaces. A value of 0 means the error signal is not used.

43.4. Hardware Simulation Considerations

The multiplexer and demultiplexer components do not provide a simulation testbench
for simulating a stand-alone instance of the component. However, you can use the
standard Platform Designer simulation flow to simulate the component design files
inside an Platform Designer system.

43.5. Software Programming Model

The multiplexer and demultiplexer components do not have any user-visible control or
status registers. Therefore, software cannot control or configure any aspect of the
multiplexer or de-multiplexer at run-time. The components cannot generate
interrupts.

43.6. Avalon-ST Multiplexer and Demultiplexer Cores Revision
History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.
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Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. Added parameter Include Packet
Support.

May 2008 v8.0.0 No change from previous release.
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44. Avalon-ST Bytes to Packets and Packets to Bytes
Converter Cores

44.1. Core Overview

The Avalon Streaming (Avalon-ST) Bytes to Packets and Packets to Bytes Converter
cores allow an arbitrary stream of packets to be carried over a byte interface, by
encoding packet-related control signals such as startofpacket and endofpacket
into byte sequences.The Avalon-ST Packets to Bytes Converter core encodes packet
control and payload as a stream of bytes. The Avalon-ST Bytes to Packets Converter
core accepts an encoded stream of bytes, and converts it into a stream of packets.

The SPI Agent to Avalon host Bridge and JTAG to Avalon Host Bridge are examples of
how the cores are used.

For more information about the bridge, refer to SPI Agent/JTAG to Avalon Host Bridge
Cores

44.2. Functional Description

The following two figures show block diagrams of the Avalon-ST Bytes to Packets and
Packets to Bytes Converter cores.

Figure 149. Avalon-ST Bytes to Packets Converter Core

data_in (bytes)

Avalon-ST Sink

Av
alo

n-
ST

 So
ur

ce

Avalon-ST
Bytes to Packets

Convertor

data_out (packets)

Figure 150. Avalon-ST Packets to Bytes Converter Core
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44.2.1. Interfaces

Table 435. Properties of Avalon-ST Interfaces

Feature Property

Backpressure Ready latency = 0.

Data Width Data width = 8 bits; Bits per symbol = 8.

Channel Supported, up to 255 channels.

Error Not used.

Packet Supported only on the Avalon-ST Bytes to Packet Converter core’s source interface and the Avalon-
ST Packet to Bytes Converter core’s sink interface.

For more information about Avalon-ST interfaces, refer to the Avalon Interface
Specifications.

44.2.2. Operation—Avalon-ST Bytes to Packets Converter Core

The Avalon-ST Bytes to Packets Converter core receives streams of bytes and
transforms them into packets. When parsing incoming bytestreams, the core decodes
special characters in the following manner, with higher priority operations listed first:

• Escape (0x7d)—The core drops the byte. The next byte is XOR'ed with 0x20.

• Start of packet (0x7a)—The core drops the byte and marks the next payload byte
as the start of a packet by asserting the startofpacket signal on the Avalon-ST
source interface.

• End of packet (0x7b)—The core drops the byte and marks the following byte as
the end of a packet by asserting the endofpacket signal on the Avalon-ST source
interface. For single beat packets, both the startofpacket and endofpacket
signals are asserted in the same clock cycle.

There are two possible cases if the payload is a special character:

— The byte sent after end of packet is ESC'ed and XOR'ed with 0x20.

— The byte sent after end of packet is assumed to be the last byte regardless of
whether or not it is a special character.

Note: The escape character should be used after an end of packet if the next
character requires it.

• Channel number indicator (0x7c)—The core drops the byte and takes the next
non-special character as the channel number.

Figure 151. Examples of Bytestreams
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0x7c 0x01 0x7a 0x7d 0x5a 0x01 0xff 0x7b 0x3a....

0x7c 0x02 0x7a 0x7b 0x3a

Single channel packet for Channel 1

Channel 1 SOP Data = 0x7a Data Bytes EOP Last
Data
Byte

Channel 2 SOP EOP Data
Byte

Single beat packet

0x7c 0x00 0x7a 0x10 0x11 0x7c 0x01 0x30 0x31 0x7c 0x00 0x12 0x13 0x7b 0x14

Channel 0 Data - Ch0 Data - Ch1 Channel 0 Data - Ch0SOP Channel 1 EOP Data
Ch0

Interleaved channels in a packet

44.2.3. Operation—Avalon-ST Packets to Bytes Converter Core

The Avalon-ST Packets to Bytes Converter core receives packetized data and
transforms the packets to bytestreams. The core constructs outgoing bytestreams by
inserting appropriate special characters in the following manner and sequence:

• If the startofpacket signal on the core's source interface is asserted, the core
inserts the following special characters:

— Channel number indicator (0x7c).

— Channel number, escaping it if required.

— Start of packet (0x7a).

• If the endofpacket signal on the core's source interface is asserted, the core
inserts an end of packet (0x7b) before the last byte of data.

• If the channel signal on the core’s source interface changes to a new value within
a packet, the core inserts a channel number indicator (0x7c) followed by the new
channel number.

• If a data byte is a special character, the core inserts an escape (0x7d) followed by
the data XORed with 0x20.

44.3. Avalon-ST Bytes to Packets and Packets to Bytes Converter
Cores Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.
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Date Version Changes

November 2015 2015.11.06 Updated "Operation-Avalon-ST Bytes to Packets Converter
Core" section.

July 2014 2014.07.24 Removed mention of SOPC Builder, updated to Platform
Designer.

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in
SOPC Builder”, and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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45. Avalon-ST Delay Core

45.1. Core Overview

The Avalon Streaming (Avalon-ST) Delay core provides a solution to delay Avalon-ST
transactions by a constant number of clock cycles. This core supports up to 16 clock
cycle delays.

The Avalon-ST Delay core is Platform Designer-ready and integrates easily into any
Platform Designer-generated system.

45.2. Functional Description

Figure 152. Avalon-ST Delay Core
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The Avalon-ST Delay core adds a delay between the input and output interfaces. The
core accepts all transactions presented on the input interface and reproduces them on
the output interface N cycles later without changing the transaction.

The input interface delays the input signals by a constant (N) number of clock cycles
to the corresponding output signals of the Avalon-ST output interface. The Number
Of Delay Clocks parameter defines the constant (N) number, which must be between
0 and 16. The change of the In_Valid signal is reflected on the Out_Valid signal
exactly N cycles later.

45.2.1. Reset

The Avalon-ST Delay core has a reset signal that is synchronous to the clk signal.
When the core asserts the reset signal, the output signals are held at 0. After the
reset signal is deasserted, the output signals are held at 0 for N clock cycles. The
delayed values of the input signals are then reflected at the output signals after N
clock cycles.
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45.2.2. Interfaces

The Avalon-ST Delay core supports packetized and non-packetized interfaces with
optional channel and error signals. This core does not support backpressure.

Table 436. Properties of Avalon-ST Interfaces

Feature Property

Backpressure Not supported.

Data Width Configurable.

Channel Supported (optional).

Error Supported (optional).

Packet Supported (optional).

For more information about Avalon-ST interfaces, refer to the Avalon Interface
Specifications.

45.3. Parameters

Table 437. Configurable Parameters

Parameter Legal Values Default
Value

Description

Number Of Delay Clocks 0 to 16 1 Specifies the delay the core introduces, in clock cycles.
The value of 0 is supported for some cases of
parameterized systems in which no delay is required.

Data Width 1–512 8 The width of the data on the Avalon-ST data interfaces.

Bits Per Symbol 1–512 8 The number of bits per symbol for the input and output
interfaces. For example, byte-oriented interfaces have 8-
bit symbols.

Use Packets 0 or 1 0 Indicates whether or not packet transfers are supported.
Packet support includes the startofpacket,
endofpacket, and empty signals.

Use Channel 0 or 1 0 The option to enable or disable the channel signal.

Channel Width 0-8 1 The width of the channel signal on the data interfaces.
This parameter is disabled when Use Channel is set to 0.

Max Channels 0-255 1 The maximum number of channels that a data interface
can support. This parameter is disabled when Use
Channel is set to 0.

Use Error 0 or 1 0 The option to enable or disable the error signal.

Error Width 0–31 1 The width of the error signal on the output interfaces. A
value of 0 indicates that the error signal is not in use. This
parameter is disabled when Use Error is set to 0.

Use packets 0 or 1 Setting this parameter to 1 enables packet support on the
Avalon-ST data interfaces.

Use fill level 0 or 1 Setting this parameter to 1 enables the Avalon-MM status
interface.

continued...   
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Parameter Legal Values Default
Value

Description

Number of almost-full thresholds 0 to 2 The number of almost-full thresholds to enable. Setting
this parameter to 1 enables Use almost-full threshold
1. Setting it to 2 enables both Use almost-full threshold
1 and Use almost-full threshold 2.

Number of almost-empty
thresholds

0 to 2 The number of almost-empty thresholds to enable. Setting
this parameter to 1 enables Use almost-empty
threshold 1. Setting it to 2 enables both Use almost-
empty threshold 1 and Use almost-empty threshold
2.

Section available threshold 0 to 2
Address
Width

Specify the amount of data to be delivered to the output
interface. This parameter applies only when packet
support is disabled.

Packet buffer mode 0 or 1 Setting this parameter to 1 causes the core to deliver only
full packets to the output interface. This parameter applies
only when Use packets is set to 1.

Drop on error 0 or 1 Setting this parameter to 1 causes the core to drop
packets at the Avalon-ST data sink interface if the error
signal on that interface is asserted. Otherwise, the core
accepts the packet and sends it out on the Avalon-ST data
source interface with the same error. This parameter
applies only when packet buffer mode is enabled.

Use almost-full threshold 1 0 or 1 This threshold indicates that the FIFO is almost full. It is
enabled when the parameter Number of almost-full
threshold is set to 1 or 2.

Use almost-full threshold 2 0 or 1 This threshold is an initial indication that the FIFO is
getting full. It is enabled when the parameter Number of
almost-full threshold is set to 2.

Use almost-empty threshold 1 0 or 1 This threshold indicates that the FIFO is almost empty. It
is enabled when the parameter Number of almost-
empty threshold is set to 1 or 2.

Use almost-empty threshold 2 0 or 1 This threshold is an initial indication that the FIFO is
getting empty. It is enabled when the parameter Number
of almost-empty threshold is set to 2.

45.4. Avalon-ST Delay Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

January 2010 v9.1.1 Initial release.
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46. Avalon-ST Round Robin Scheduler Core

46.1. Core Overview

Avalon Streaming (Avalon-ST) components in Platform Designer provide a channel
interface to stream data from multiple channels into a single component. In a multi-
channel Avalon-ST component that stores data, the component can store data either
in the sequence that it comes in (FIFO) or in segments according to the channel.
When data is stored in segments according to channels, a scheduler is needed to
schedule the read operations from that particular component. The most basic of the
schedulers is the Avalon-ST Round Robin Scheduler core.

The Avalon-ST Round Robin Scheduler core is Platform Designer-ready and can
integrate easily into any Platform Designer-generated systems.

46.2. Performance and Resource Utilization

This section lists the resource utilization and performance data for various Intel FPGA
device families. The estimates are obtained by compiling the core using the Intel
Quartus Prime software.

The table below shows the resource utilization and performance data for a Stratix II
GX device (EP2SGX130GF1508I4).

Table 438. Resource Utilization and Performance Data for Stratix II GX Devices

Number of Channels ALUTs Logic Registers Memory M512/M4K/
M-RAM

fMAX
(MHz)

4 7 7 0/0/0 > 125

12 25 17 0/0/0 > 125

24 62 30 0/0/0 > 125

The table below shows the resource utilization and performance data for a Stratix III
device (EP3SL340F1760C3). The performance of the IP Core in Stratix IV devices is
similar to Stratix III devices.

Table 439. Resource Utilization and Performance Data for Stratix III Devices

Number of Channels ALUTs Logic Registers Memory M9K/
M144K/ MLAB

fMAX
(MHz)

4 7 7 0/0/0 > 125

12 25 17 0/0/0 > 125

24 67 30 0/0/0 > 125
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The table below shows the resource utilization and performance data for a Cyclone III
device (EP3C120F780I7).

Table 440. Resource Utilization and Performance Data for Cyclone III Devices

Number of Channels Total Logic Elements Total Registers Memory M9K fMAX
(MHz)

4 12 7 0 > 125

12 32 17 0 > 125

24 71 30 0 > 125

46.3. Functional Description

The Avalon-ST Round Robin Scheduler core controls the read operations from a multi-
channel Avalon-ST component that buffers data by channels. It reads the almost-full
threshold values from the multiple channels in the multi-channel component and
issues the read request to the Avalon-ST source according to a round-robin scheduling
algorithm.

Figure 153. Avalon-ST Round Robin Scheduler Block Diagram
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46.3.1. Interfaces

The following interfaces are available in the Avalon-ST Round Robin Scheduler core:

• Almost-Full Status Interface

• Request Interface

Almost-Full Status Interface

The Almost-Full Status interface is an Avalon-ST sink interface.

Table 441. Avalon-ST Interface Feature Support

Feature Property

Backpressure Not supported

Data Width Data width = 1; Bits per symbol = 1

continued...   
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Feature Property

Channel Maximum channel = 32; Channel width = 5

Error Not supported

Packet Not supported

The interface collects the almost-full status from the sink components for all the
channels in the sequence provided.

Request Interface

The Request Interface is an Avalon Memory-Mapped (MM) Write Host interface. This
interface requests data from a specific channel. The Avalon-ST Round Robin Scheduler
core cycles through all of the channels it supports and schedules data to be read.

46.3.2. Operations

If a particular channel is almost full, the Avalon-ST Round Robin Scheduler will not
schedule data to be read from that channel in the source component.

The Avalon-ST Round Robin Scheduler only requests 1 beat of data from a channel at
each transaction. To request 1 beat of data from channel n, the scheduler writes the
value 1 to address (4 ×n). For example, if the scheduler is requesting data from
channel 3, the scheduler writes 1 to address 0xC.

At every clock cycle, the Avalon-ST Round Robin Scheduler requests data from the
next channel. Therefore, if the Avalon-ST Round Robin Scheduler starts requesting
from channel 1, at the next clock cycle, it requests from channel 2. The Avalon-ST
Round Robin Scheduler does not request data from a particular channel if the almost-
full status for the channel is asserted. In this case, one clock cycle is used without a
request transaction.

The Avalon-ST Round Robin Scheduler cannot determine if the requested component
is able to service the request transaction. The component asserts waitrequest when
it cannot accept new requests.

Table 442. Ports for the Avalon-ST Round Robin Scheduler

Signal Direction Description

Clock and Reset

clk In Clock reference.

reset_n In Asynchronous active low reset.

Avalon-MM Request Interface

request_address (log2
Max_Channels–1:0)

Out The write address used to signal the channel the request is
for.

request_write Out Write enable signal.

request_writedata Out The amount of data requested from the particular channel.
This value is always fixed at 1.

request_waitrequest In Wait request signal, used to pause the scheduler when the
agent cannot accept a new request.

continued...   
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Signal Direction Description

Avalon-ST Almost-Full Status Interface

almost_full_valid In Indicates that almost_full_channel and
almost_full_data are valid.

almost_full_channel
(Channel_Width–1:0)

In Indicates the channel for the current status indication.

almost_full_data (log2
Max_Channels–1:0)

In A 1-bit signal that is asserted high to indicate that the
channel indicated by almost_full_channel is almost
full.

46.4. Parameters

Table 443. Parameters for Avalon-ST Round Robin Scheduler Component

Parameters Values Description

Number of channels 2–32 Specifies the number of channels the Avalon-ST Round Robin Scheduler
supports.

Use almost-full status 0–1 Specifies whether the almost-full interface is used. If the interface is not used,
the core always requests data from the next channel at the next clock cycle.

46.5. Avalon-ST Round Robin Scheduler Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

November 2009 v9.1.0 No change from previous release.

March 2009 v9.0.0 No change from previous release.

November 2008 v8.1.0 Changed to 8-1/2 x 11 page size. No change to content.

May 2008 v8.0.0 Initial release.
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47. Avalon-ST Splitter Core

47.1. Core Overview

The Avalon Streaming (Avalon-ST) Splitter core allows you to replicate transactions
from an Avalon-ST source interface to multiple Avalon-ST sink interfaces. This core
can support from 1 to 16 outputs.

The Avalon-ST Splitter core is Platform Designer-ready and integrates easily into any
Platform Designer-generated system.

47.2. Functional Description

Figure 154. Avalon-ST Splitter Core
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The Avalon-ST Splitter core copies all input signals from the input interface to the
corresponding output signals of each output interface without altering the size or
functionality. This include all signals except for the ready signal.

The Avalon-ST Splitter core includes a clock signal used by Platform Designer to
determine the Avalon-ST interface and clock domain that this core resides in. Because
the clock signal is unused internally, no latency is introduced when using this core.

47.2.1. Backpressure

The Avalon Streaming Interface Splitter core handles backpressure by AND-ing the
ready signals from all of the output interfaces and sending the result to the input
interface. This way, if any output interface deasserts the ready signal, the input
interface receives the deasserted ready signal as well. This mechanism ensures that
backpressure on any of the output interfaces is propagated to the input interface.
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When the Qualify Valid Out parameter is set to 1, the Out_Valid signals on all
other output interfaces are gated when backpressure is applied from one output
interface. In this case, when any output interface deasserts its ready signal, the
Out_Valid signals on the rest of the output interfaces are deasserted as well.

When the Qualify Valid Out parameter is set to 0, the output interfaces have a non-
gated Out_Valid signal when backpressure is applied. In this case, when an output
interface deasserts its ready signal, the Out_Valid signals on the rest of the output
interfaces are not affected.

Because the logic is purely combinational, the core introduces no latency.

47.2.2. Interfaces

The Avalon-ST Splitter core supports packetized and non-packetized interfaces with
optional channel and error signals. The core propagates backpressure from any output
interface to the input interface.

Table 444. Properties of Avalon-ST Interfaces

Feature Property

Backpressure Ready latency = 0.

Data Width Configurable.

Channel Supported (optional).

Error Supported (optional).

Packet Supported (optional).

For more information about Avalon-ST interfaces, refer to the Avalon Interface
Specifications.

47.3. Parameters

Table 445. Configurable Parameters

Parameter Legal Values Default
Value

Description

Number Of Outputs 1 to 16 2 The number of output interfaces. The value of 1 is supported for
some cases of parameterized systems in which no duplicated
output is required.

Qualify Valid Out 0 or 1 1 Determines whether the Out_Valid signal is gated or non-gated
when backpressure is applied.

Data Width 1–512 8 The width of the data on the Avalon-ST data interfaces.

Bits Per Symbol 1–512 8 The number of bits per symbol for the input and output
interfaces. For example, byte-oriented interfaces have 8-bit
symbols.

Use Packets 0 or 1 0 Indicates whether or not packet transfers are supported. Packet
support includes the startofpacket, endofpacket, and
empty signals.

Use Channel 0 or 1 0 The option to enable or disable the channel signal.

continued...   
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Parameter Legal Values Default
Value

Description

Channel Width 0-8 1 The width of the channel signal on the data interfaces. This
parameter is disabled when Use Channel is set to 0.

Max Channels 0-255 1 The maximum number of channels that a data interface can
support. This parameter is disabled when Use Channel is set to
0.

Use Error 0 or 1 0 The option to enable or disable the error signal.

Error Width 0–31 1 The width of the error signal on the output interfaces. A value of
0 indicates that the error signal is not used. This parameter is
disabled when Use Error is set to 0.

Use packets 0 or 1 Setting this parameter to 1 enables packet support on the
Avalon-ST data interfaces.

Use fill level 0 or 1 Setting this parameter to 1 enables the Avalon-MM status
interface.

Number of almost-full
thresholds

0 to 2 The number of almost-full thresholds to enable. Setting this
parameter to 1 enables Use almost-full threshold 1. Setting it
to 2 enables both Use almost-full threshold 1 and Use
almost-full threshold 2.

Number of almost-empty
thresholds

0 to 2 The number of almost-empty thresholds to enable. Setting this
parameter to 1 enables Use almost-empty threshold 1. Setting
it to 2 enables both Use almost-empty threshold 1 and Use
almost-empty threshold 2.

Section available
threshold

0 to 2
Address
Width

Specify the amount of data to be delivered to the output
interface. This parameter applies only when packet support is
disabled.

Packet buffer mode 0 or 1 Setting this parameter to 1 causes the core to deliver only full
packets to the output interface. This parameter applies only when
Use packets is set to 1.

Drop on error 0 or 1 Setting this parameter to 1 causes the core to drop packets at the
Avalon-ST data sink interface if the error signal on that interface
is asserted. Otherwise, the core accepts the packet and sends it
out on the Avalon-ST data source interface with the same error.
This parameter applies only when packet buffer mode is enabled.

Use almost-full threshold
1

0 or 1 This threshold indicates that the FIFO is almost full. It is enabled
when the parameter Number of almost-full threshold is set to
1 or 2.

Use almost-full threshold
2

0 or 1 This threshold is an initial indication that the FIFO is getting full.
It is enabled when the parameter Number of almost-full
threshold is set to 2.

Use almost-empty
threshold 1

0 or 1 This threshold indicates that the FIFO is almost empty. It is
enabled when the parameter Number of almost-empty
threshold is set to 1 or 2.

Use almost-empty
threshold 2

0 or 1 This threshold is an initial indication that the FIFO is getting
empty. It is enabled when the parameter Number of almost-
empty threshold is set to 2.

47.4. Avalon-ST Splitter Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.
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Date Version Changes

December 2010 v10.1.0 Removed the “Device Support”, “Instantiating the Core in SOPC Builder”,
and “Referenced Documents” sections.

July 2010 v10.0.0 No change from previous release.

January 2010 v9.1.1 Initial release.
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48. Avalon-MM DDR Memory Half Rate Bridge Core
Attention: The Avalon-MM DDR Memory Half Rate Bridge Core is part of a product obsolescence

and support discontinuation schedule. For new design, Intel recommends that you use
other IPs with equivalent functions. To see a list of available IPs, refer to the Intel
FPGA IP Portfolio page.

48.1. Core Overview

The Avalon Memory-Mapped (MM) Half-Rate Bridge core is a special-purpose clock-
crossing bridge intended for CPUs that require low-latency access to high-speed
memory. The core works under the assumption that the memory clock is twice the
frequency of the CPU clock, with zero phase shift between the two. It allows high
speed memory to run at full rate while providing low-latency interface for a CPU to
access it by using lightweight logic that translates one single-word request into a two-
word burst to a memory running at twice the clock frequency and half the width. For
systems with a 8-bit DDR interface, using the Half-Rate DDR Bridge in conjunction
with a DDR SDRAM high-performance memory controller creates a datapath that
matches the throughput of the DDR memory to the CPU. This half-rate bridge provides
the same functionality as the clock crossing bridge, but with significantly lower latency
—2 cycles instead of 12.

The core’s host interface is designed to be connected to a high-speed DDR SDRAM
controller and thus only supports bursting. Because the agent interface is designed to
receive single-word requests, it does not support bursting. The figure below shows a
system including an 8-bit DDR memory, a high-performance memory controller, the
Half-Rate DDR Bridge, and a CPU.

Figure 155. Platform Designer Memory System Using a DDR Memory Half-Rate Bridge
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The Avalon-MM DDR Memory Half-Rate Bridge core has the following features and
requirements:

• Platform Designer ready with Timing Analyzer constraints

• Requires host clock and agent clock to be synchronous

• Handles different bus sizes between CPU and memory

• Requires the frequency of the host clock to be double of the agent clock

• Has configurable address and data port widths in the host interface

48.2. Resource Usage and Performance

This section lists the resource usage and performance data for supported devices
when operating the Half-Rate Bridge with a full-rate DDR SDRAM high-performance
memory controller.

Using the Half-Rate Bridge with a full-rate DDR SDRAM high-performance memory
controller results an average of 48% performance improvement over a system using a
half-rate DDR SDRAM high-performance memory controller in a series of embedded
applications. The performance improvement is 62.2% based on the Dhrystone
benchmark, and 87.7% when accessing memory bypassing the cache. For memory
systems that use the Half-Rate bridge in conjunction with DDR2/3 High Performance
Controller, the data throughput is the same on the Half-Rate Bridge host and agent
interfaces. The decrease in memory latency on the Half-Rate Bridge agent interface
results in higher performance for the processor.

The table below shows the resource usage for Stratix II and Stratix III devices in the
Intel Quartus Prime software with a data width of 16 bits, an address span of 24 bits.

Table 446. Resource Utilization Data for Stratix II and Stratix III Devices

Device Family Combinational ALUTs ALMs Logic Register Embedded Memory

Stratix II 61 134 153 0

Stratix III 60 138 153 0

Table 447. Resource Utilization Data for Cyclone III Devices

Logic Cells (LC) Logic Register LUT-only LC Register-only LC LUT/Register LCs Embedded
Memory

233 152 33 84 121 0

48.3. Functional Description

The Avalon MM DDR Memory Half Rate Bridge works under two constraints:

• Its memory-side host has a clock frequency that is synchronous (zero phase shift)
to, and twice the frequency of, the CPU-side agent.

• Its memory-side host is half as wide as its CPU-side agent.

The bridge leverages these two constraints to provide lightweight, low-latency clock-
crossing logic between the CPU and the memory. These constraints are in contrast
with the Avalon-MM Clock-Crossing Bridge, which makes no assumptions about the
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frequency/phase relationship between the host- and agent-side clocks, and provides
higher-latency logic that fully-synchronizes all signals that pass between the two
domains.

The Avalon MM DDR Memory Half-Rate Bridge has an Avalon-MM agent interface that
accepts single-word (non-bursting) transactions. When the agent interface receives a
transaction from a connected CPU, it issues a two-word burst transaction on its host
interface (which is half as wide and twice as fast). If the transaction is a read request,
the bridge's host interface waits for the agent’s two-word response, concatenates the
two words, and presents them as a single readdata word on its agent interface to the
CPU. Every time the data width is halved, the clock rate is doubled. As a result, the
data throughput is matched between the CPU and the off-chip memory device.

The figure below shows the latency in the Avalon-MM Half-Rate Bridge core. The core
adds two cycles of latency in the agent clock domain for read transactions. The first
cycle is introduced during the command phase of the transaction and the second
cycle, during the response phase of the transaction. The total latency is 2+<x>,
where <x> refers to the latency of the DDR SDRAM high-performance memory
controller. Using the clock crossing bridge for this same purpose would impose
approximately 12 cycles of additional latency.

Figure 156. Avalon-MM DDR Memory Half-Rate Bridge Block Diagram
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48.4. Instantiating the Core in Platform Designer

Use the IP Catalog in Platform Designer to find the Avalon-MM DDR Memory Half-Rate
Bridge core. In the parameter editor window you can specify the core’s configuration.
The table below describes the parameters that can be configured for the Avalon-MM
Half-Rate Bridge core.

Table 448. Configurable Parameters for Avalon-MM DDR Memory Half-Rate Bridge Core

Parameters Allowed Values Default Value Description

Data Width 8, 16, 32, 64, 128, 256, 512 16 The width of the data signal
in the host interface.

Address Width 1-32 24 The width of the address
signal in the host interface.

The table below describes the parameters that are derived based on the Data Width
and Address Width settings for the Avalon-MM DDR Memory Half-Rate Bridge core.
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Table 449. Derived Parameters for Avalon-MM DDR Memory Half-Rate Bridge Core

Parameter Default Value Description

Host interface’s Byte Enable Width 2 The width of the byte-enable signal in
the host interface.

Agent interface’s Data Width 32 The width of the data signal in the
agent interface.

Agent interface’s Address Width 22 The width of the address signal in the
agent interface.

Agent interface’s Byte Enable Width 4 The width of the byte-enable signal in
the agent interface.

48.5. Example System

The following example provides high-level steps showing how the Avalon-MM DDR
Memory Half-Rate Bridge core is connected in a system. This example assumes that
you are familiar with the Platform Designer GUI.

1. Add a Nios II Processor to the system.

2. Add a DDR2 SDRAM High-Performance Controller and configure it to full-rate
mode.

3. Add Avalon-MM DDR Memory Half-Rate Bridge to the system.

4. Configure the parameters of the Avalon-MM DDR Memory Half-Rate Bridge based
on the memory controller. For example, for a 32 MByte DDR memory controller in
full rate mode with 8 DQ pins (see Figure 155 on page 572), the parameters
should be set as the following:

• Data Width = 16

For a memory controller that has 8 DQ pins, its local interface width is 16 bits.
The local interface width and the data width must be the same, therefore data
width is set to 16 bits.

• Address Width = 25

For a memory capacity of 32 MBytes, the byte address is 25 bits. Because the host
address of the bridge is byte aligned, the address width is set to 25 bits.

5. Connect altmemddr_auxhalf to the agent clock interface (clk_s1) of the Half-
Rate Bridge.

6. Connect altmemddr_sysclk to the host clock interface (clk_m1) of the Half-
Rate Bridge.

7. Remove all connections between Nios II processor and the memory controller, if
there are any.

8. Connect the host interface (m1) of the Avalon-MM DDR Memory Half-Rate Bridge
to the memory controller agent interface.

9. Connect the agent interface (s1) of the Avalon-MM DDR Memory Half-Rate Bridge
to the Nios II processor data_master interface.

10. Connect altmemddr_auxhalf to Nios II processor clock interface.
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48.6. Avalon-MM DDR Memory Half Rate Bridge Core Revision
History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added product obsolescence and support discontinuation notice.

2018.05.07 18.0 Implemented editorial enhancements.

2016.06.17 16.0 Initial release.
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49. Intel FPGA GMII to RGMII Converter Core
Note: This IP core only supports Cyclone V SoC devices.

49.1. Core Overview

The Intel FPGA GMII to RGMII converter core is an available soft IP for the FPGA
fabric. It converts the GMII/MII interface of the Ethernet controller in the hard
processor system (HPS) to an RGMII interface. By default, the HPS Ethernet controller
can either provide an RGMII interface on the HPS pins or an GMII/MII interface by
using the FPGA loaner I/O. The GMII to RGMII converter also serves as a solution for
designers who want to interface to an external RGMII PHY through the FPGA logic..

49.2. Feature Description

49.2.1. Supported Features

The following is the list of features supported by the core.

• Perform GMII/MII interface to RGMII interface conversion

• Supports tri-speed (10/100/1000 Mbps) operation

• Supports dynamic speed switching

• Supports generation time option to enable pipeline registers for the transmit and
receive paths

49.2.2. Unsupported Features

The Intel FPGA GMII to RGMII converter core does not support an internal delay of the
TX/RX clock. However, the FPGA may still provide the 2 ns delay for center-aligned
data transmission/reception through the FPGA I/O buffer. This delay feature is
commonly supported by the PHY device or handled at the board level.

For more information on Intel Quartus Prime delay settings, refer to your device's
Golden Hardware Reference Design (GHRD) user manual on RocketBoards.org.

Related Information

GSRD User Manual

49.3. Parameters

49.3.1. IP Configuration Parameter

These parameters are configurable by user during generation time.
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Parameter Legal
Values

Default
Values

Description

Transmit Pipeline Register
Depth

0 - 10 0 TX_PIPELINE_DEPTH - Number of register stages
between HPS transmit output and FPGA I/O buffer.

Receive Pipeline Register
Depth

0 - 10 0 RX_PIPELINE_DEPTH - Number of register stages
between FPGA I/O buffer and HPS receive input.

49.4. Intel FPGA GMII to RGMII Converter Core Interface

Figure 157. Intel FPGA GMII to RGMII Converter Core Top Level Interfaces

Altera GMII to RGMII 
Converter Core

peri_clock
peri_reset

pll_25m_clock
pll_2_5m_clock

hps_gmii

phy_rgmii

Note: For more information and a detailed list of the interfaces denoted on this figure, refer
to the corresponding interface name in the following tables.

Table 450. peri_clock

Interface Name: peri_clock
Description: Peripheral clock interface.

Signal Width Direction Description

clk 1 Input Peripheral clock source.

Table 451. peri_reset

Interface Name: peri_reset
Description: Peripheral reset interface.

Signal Width Direction Description

rst_n 1 Input Active low peripheral
asynchronous reset source.
This signal is asynchronously
asserted and synchronously
de-asserted. The
synchronous de-assertion
must be provided external to
this core.

Table 452. pll_25m_clock

Interface Name: pll_25m_clock
Description: 25MHz clock from FPGA PLL output.

Signal Width Direction Description

pll_25m_clk 1 Input 25MHz input clock from
FPGA PLL.
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Table 453. pll_2_5m_clock

Interface Name: pll_2_5m_clock
Description: 2.5MHz clock from FPGA PLL output.

Signal Width Direction Description

pll_2_5m_clk 1 Input 2.5MHz input clock from
FPGA PLL.

Table 454. hps_gmii

Interface Name: hps_gmii
Description: GMII/MII interface facing Intel FPGA HPS Emac Interface Splitter Core

Signal Width Direction Description

mac_tx_clk_o 1 Input GMII/MII transmit clock
from HPS

mac_tx_clk_i 1 Output GMII/MII transmit clock to
HPS

mac_rx_clk 1 Output GMII/MII receive clock to
HPS

mac_rst_tx_n 1 Input GMII/MII transmit reset
source from HPS. Active low
reset

mac_rst_rx_n 1 Input GMII/MII receive reset
source from HPS. Active low
reset

mac_txd 8 Input GMII/MII transmit data from
HPS

mac_txen 1 Input GMII/MII transmit enable
from HPS

mac_txer 1 Input GMII/MII transmit error
from HPS

mac_rxdv 1 Output GMII/MII receive data valid
to HPS

mac_rxer 1 Output GMII/MII receive data error
to HPS

mac_rxd 8 Output GMII/MII receive data to
HPS

mac_col 1 Output GMII/MII collision detect to
HPS

mac_crs 1 Output GMII/MII carrier sense to
HPS

mac_speed 2 Input MAC speed indication from
HPS
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Table 455. phy_rgmii

Interface Name: phy_rgmii
Description: RGMII interface facing PHY device.

Signal Width Direction Description

rgmii_tx_clk 1 Output RGMII transmit clock to PHY

rgmii_rx_clk 1 In RGMII receive clock from
PHY

rgmii_txd 4 Output RGMII transmit data to PHY

rgmii_tx_ctl 1 Output RGMII transmit control to
PHY

rgmii_rxd 4 Input RGMII receive data from
PHY

rgmii_rx_ctl 1 Input RGMII receive control from
PHY

49.5. Functional Description

Figure 158. System Level Block Diagram
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Intel FPGA GMII to RGMII converter core is not directly connected to the HPS Ethernet
controller. Instead, an intermediate component called the Intel FPGA HPS EMAC
interface splitter core is used as a bridge between HPS core and Intel FPGA GMII to
RGMII converter core. This intermediate component is responsible for splitting the
emac conduit interface output from HPS core into several interfaces according to their
function (hps_gmii, ptp, mdio interfaces). It is also responsible for managing
differences between the EMAC interfaces in the Arria V, Cyclone V, and Intel Arria 10
HPS.

Related Information

Intel FPGA HPS EMAC Interface Splitter Core on page 582
For more information about Intel FPGA HPS EMAC Interface Splitter Core.
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49.5.1. Architecture

49.5.1.1. Data Path

Figure 159. Data Path Diagram
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For transmit path, the GMII/MII data goes through the transmit pipeline register stage
before going into the SDR/DDR converter block. The pipeline logic can be optionally
enabled or disabled by the user during generation time.

For receive path, the GMII/MII data right after the SDR/DDR converter block goes
directly to EMAC controller through Intel FPGA HPS EMAC interface splitter core; and
also goes through the receive pipeline register stage. Similarly, this pipeline logic can
be optionally enabled or disabled by the user during generation time.

The SDR/DDR converter block manages single data rate to double data rate
conversion and vice-versa. Intel FPGA DDIO component (ALTDDIO_IN and
ALTDDIO_OUT) is used to perform this task. This block also decodes collision and
carrier sense condition through In-Band status detection.

49.5.1.2. Clock Scheme

49.5.1.2.1. Transmit

All transmit sequential logic in the Intel FPGA GMII to RGMII Converter core is clocked
by the HPS PLL during GMII mode (1000 Mbps) and by the FPGA PLL during MII mode
(10/100 Mbps).
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Figure 160. Transmit Clocking Scheme
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49.5.1.2.2. Receive

All receive sequential logic in the Intel FPGA GMII to RGMII converter core is clocked
by rgmii_rx_clk (always driven from the PHY device).

49.6. Intel FPGA HPS EMAC Interface Splitter Core

The Intel FPGA HPS EMAC interface splitter core is used as a bridge between the HPS
core and the Intel FPGA GMII to RGMII converter core. It is responsible for splitting
the EMAC conduit interface output from the HPS core into several interfaces according
to their function (hps_gmii, ptp, mdio interfaces). It is also responsible for managing
the differences between the EMAC interfaces in the Arria V, Cyclone V, and Intel Arria
10 HPS. Besides the Avalon-MM agent interface logic, there is no additional real logic
in this core, except it takes the input signals from HPS, regroups them according to
their function, and outputs them.

Note: This IP core supports Intel eASIC N5X devices.

Related Information

Feature Description on page 594

49.6.1. Parameter

49.6.1.1. System Info Parameter

The following parameter is not configurable by the user:

Parameter Description

DEVICE_FAMILY Name: DEVICE_FAMILY
Indicates the device family type of the current selected device in Platform Designer.
This parameter is used to determine the version of HPS (Arria V, Cyclone V, and Intel Arria 10
HPS) supported by the current selected device. This information is used to enable or disable
certain logic; or to terminate certain interfaces of this core.

49.6.1.2. HDL Parameter

This parameter is not configurable by the user through Platform Designer. Its value is
automatically derived by the component based on the DEVICE_FAMILY parameter.
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Parameter Description

Enable mac speed CSR Name: MAC_SPEED_CSR_ENABLE
0: The MAC Speed CSR block is not instantiated in this core. In this case, the Mac Speed
information is directly coming from the HPS EMAC interface.
1: The MAC Speed CSR block is instantiated in this core. In this case, the Mac Speed
information is determined by the control register defined in this core.

49.6.1.3. Interface Signals

Figure 161. Interface Signals
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Table 456. peri_clock

Interface Name: peri_clock
Description: Peripheral clock interface. This interface exists only when the selected device is Arria V or Cyclone

V.

Signal Width Direction Description

clk 1 Input Peripheral clock source used
for Avalon-MM agent
interface.

Table 457. peri_reset

Interface Name: peri_reset
Description: Peripheral reset interface. This interface exists only when the selected device is Arria V or Cyclone

V.

Signal Width Direction Description

rst_n 1 Input Active low peripheral
asynchronous reset source
used to reset the Avalon-MM
agent interface.
This signal is asynchronously
asserted and synchronously
de-asserted. The
synchronous de-assertion
must be provided external to
this core.
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Table 458. avalon_slave

Interface Name: avalon_slave
Description: This interface exists only when the selected device is Arria V or Cyclone V.

Signal Width Direction Description

addr 1 Input Avalon-MM address bus. (40)

read 1 Input Avalon-MM read control

write 1 Input Avalon-MM write control

writedata 32 Input Avalon-MM write data bus

readdata 32 Output Avalon-MM read data bus

Table 459. emac

Interface Name: emac
Description: Conduit interface connected to HPS EMAC interface

Signal Width Direction Description

phy_txd_o 8 Input GMII/MII transmit data from
HPS

phy_txen_o 1 Input GMII/MII transmit enable
from HPS

phy_txer_o 1 Input GMII/MII transmit error
from HPS

phy_rxdv_i 1 Output GMII/MII receive data valid
to HPS

phy_rxer_i 1 Output GMII/MII receive data error
to HPS

phy_rxd_i 8 Output GMII/MII receive data to
HPS

phy_col_i 1 Output GMII/MII collision detect to
HPS

phy_crs_i 1 Output GMII/MII carrier sense to
HPS

phy_mac_speed_o 2 Input MAC speed indication from
HPS (41)

mdo_o 1 Input MDIO data output from HPS

mdo_o_e 1 Input MDIO data output enable
from HPS

mdi_i 1 Output MDIO data input to HPS

ptp_pps_o 1 Input PTP pulse per second from
HPS

ptp_aux_ts_trig_i 1 Output PTP auxiliary timestamp
trigger to HPS

(40) The address bus is in the unit of Word addressing.

(41) These bits exist only when the selected device is Intel Arria 10.
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Table 460. emac_gtx_clk

Interface Name: emac_gtx_clk
Description: GMII/MII transmit clock from HPS

Signal Width Direction Description

phy_txclk_o 1 Input GMII/MII transmit clock
from HPS

Table 461. emac_tx_reset

Interface Name: emac_tx_reset
Description: GMII/MII transmit reset source synchronous to phy_txclk_o from HPS

Signal Width Direction Description

rst_tx_n_o 1 Input GMII/MII transmit reset
source from HPS. Active low
reset.

Table 462. emac_rx_reset

Interface Name: emac_rx_reset
Description: GMII/MII receive reset source synchronous to clk_rx_i from HPS

Signal Width Direction Description

rst_rx_n_o 1 Input GMII/MII receive reset
source from HPS. Active low
reset.

Table 463. emac_rx_clk_in

Interface Name: emac_rx_clk_in
Description: GMII/MII receive clock to HPS

Signal Width Direction Description

clk_rx_i 1 Output GMII/MII receive clock to
HPS

Table 464. emac_tx_clk_in

Interface Name: emac_tx_clk_in
Description: GMII/MII transmit clock to HPS

Signal Width Direction Description

clk_tx_i 1 Output GMII/MII transmit clock to
HPS

Table 465. hps_gmii

Interface Name: hps_gmii
Description: GMII/MII interface facing FPGA fabric

Signal Width Direction Description

mac_tx_clk_o 1 Output GMII/MII transmit clock
from HPS

mac_tx_clk_i 1 Input GMII/MII transmit clock to
HPS

continued...   
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Interface Name: hps_gmii
Description: GMII/MII interface facing FPGA fabric

Signal Width Direction Description

mac_rx_clk 1 Input GMII/MII receive clock to
HPS

mac_rst_tx_n 1 Output GMII/MII transmit reset
source from HPS

mac_rst_rx_n 1 Output GMII/MII receive reset
source from HPS

mac_txd 8 Output GMII/MII transmit data from
HPS

mac_txen 1 Output GMII/MII transmit enable
from HPS

mac_txer 1 Output GMII/MII transmit error
from HPS

mac_rxdv 1 Input GMII/MII receive data valid
to HPS

mac_rxer 1 Input GMII/MII receive data error
to HPS

mac_rxd 8 Input GMII/MII receive data to
HPS

mac_col 1 Input GMII/MII collision detect to
HPS

mac_crs 1 Input GMII/MII carrier sense to
HPS

mac_speed 2 Output MAC speed indication from
HPS

Table 466. ptp

Interface Name: ptp
Description: PTP interface facing FPGA fabric

Signal Width Direction Description

ptp_pps_out 1 Output PTP pulse per second to
FPGA soft logic

ptp_aux_ts_trig_in 1 Input PTP auxiliary timestamp
trigger from FPGA soft logic

ptp_tstmp_data_out 1 Output PTP timestamp data from
HPS to FPGA soft logic

ptp_tstmp_en_out 1 Output PTP timestamp enable from
HPS to FPGA soft logic
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Table 467. mdio

Interface Name: mdio
Description: MDIO interface facing PHY device

Signal Width Direction Description

mdo_out 1 Output MDIO data output to FPGA
bidirectional I/O buffer

mdo_out_en 1 Output MDIO data output enable to
FPGA bidirectional I/O buffer

mdi_in 1 Input MDIO data input from FPGA
bidirectional I/O buffer

Related Information

Avalon-MM Agent Interface on page 588
For more information about the Avalon-MM Agent interface, refer to the Avalon-MM
Agent interface section.

49.6.1.4. Register

49.6.1.4.1. Register Memory Map

This register block exists only when the selected device is Arria V or Cyclone V. Each
address offset represents one word of memory address space.

Name Address Offset Width Attribute Description

CTRL 0x0 2 R/W Control Register

49.6.1.4.2. Register Description

Control Register

Table 468. Control Registers

Bit Fields Access Default Value Description

31:2 Reserved N/A 0x0 Reserved

1:0 MAC_SPEED R/W 0x0 This field indicates the
speed mode used by
HPS EMAC and PHY
device. HPS software
is required to write to
this field once it has
set the MAC Speed in
the HPS EMAC register
space after the auto-
negotiation process.
0x0-0x1: 1000 Mbps
(GMII)
0x2: 10 Mbps (MII)
0x3: 100 Mbps (MII)
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49.6.1.5. Avalon-MM Agent Interface

The following information describes the characteristics of the Avalon agent interface of
the HPS EMAC interface splitter core:

• Burst width: 32-bit

• Burst support: No

• Fixed read and write wait time: 0 cycle

• Fixed read latency: 1 cycle

• Lock support: No

49.7. Intel FPGA GMII to RGMII Converter Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2019.08.16 19.2 Added a note to clarify the device support for Intel FPGA GMII to RGMII
Converter Core.

2018.05.07 18.0 Implemented editorial enhancements.

Date Version Changes

November 2015 2015.11.06 • Updated "Altera HPS EMAC Interface Splitter Core Interface" PTP table
• Updated "Unsupported Features"

July 2014 2014.07.24 Initial release
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50. Intel FPGA MII to RMII Converter Core
This chapter describes functionality of the Intel FPGA Media Independent Interface
(MII) to Reduced Media Independent Interface (RMII) Converter core. RMII is a low
pin count alternative to the MII for connecting a PHY to an Ethernet MAC.

The MII has 16 pins per port for data and control (4-bit), while the RMII has 8 pins.
Therefore, the RMII is optimized for use in high-port density interconnect.

The RMII has the following characteristics:

• Supports 10 Mbps and 100 Mbps data rates.

• A single 50 MHz clock reference is sourced from the PHY or externally.

• Provides independent 2-bit wide (di-bit) transmit and receive data paths.

• Uses TTL signal levels, compatible with common digital CMOS ASIC process.

50.1. Supported Features

The Intel FPGA MII to RMII Converter core supports the following features:

• Parameter based selection between 100Mbps and 10Mbps speed mode.

• Automatic detection of the receive throughput.

• Parameter based selection for RMII 1.2.

• Support error reporting from transmit MAC.

• Fixed frequency of 50 MHz.
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50.2. Interface Signals

Figure 162. Interface Signals

Intel FPGA MII to RMII 
Converter Core

m_tx_err
m_tx_en

m_tx_d[3:0]
 tx_clk

m_rx_en
m_rx_d[3:0]

rx_clk
m_rx_crs
m_rx_col
m_rx_err

ena_10

rmii_tx_d[1:0]
rmii_tx_en

rmii_rx_d[1:0]
rmii_crs_dv
rmii_rx_err

RefClk
Rstn

Conduit Interface

Signal Name Type Width (bit) Description

Clock and Reset

RefClk Input 1 A fixed frequency interface clock of 50 MHz. It is driven by PHY.

Rstn Input 1 Active low reset signal. EMAC provides this signal and it is
connected to the MII to RMII Converter core and the PHY.

RMII: Core to RMII PHY Transmit Interface

rmii_tx_d[1:0] Output 2 Transmit data.

rmii_tx_en Output 1 Transmit enable.

RMII: PHY to RMII Receive Interface

rmii_crs_dv Input 1 Multiplexed Carrier Sense or Data Valid Signal (RMII 1.2).

rmii_rx_d[1:0] Input 2 Receive data.

rmii_rx_err Input 1 Receive error.

MII: RMII Core to MAC Transmit Interface

tx_clk Output 1 Transmit clock:
• 25 MHz in 100 Mbps speed mode
• 2.5 MHz in 10 Mbps speed mode

m_tx_en Input 1 Transmit data valid synchronized signal to transmit clock.

m_tx_d[3:0] Input 4 Transmit data.

m_tx_err Input 1 Transmit error.

MII: MAC to RMII Core Receive Interface

rx_clk Output 1 Receive clock.

m_rx_en Output 1 Receive data valid (extracted from CRS_DV).

continued...   
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Signal Name Type Width (bit) Description

m_rx_err Output 1 Receive error.

m_rx_crs Output 1 Ethernet carrier sense signal.

m_rx_col Output 1 Ethernet collision signal.

m_rx_d[3:0] Output 4 Receive data.

Core Speed Selection

ena_10 Input 1 Indication that the MAC is configured to 10 Mbps throughput.

50.3. Parameters

Table 469. Parameters

Parameter Description

MBPS Set to:
• 1: for 100 Mbps speed mode
• 0: for 10 Mbps speed mode

THROUGHPUT CONTROL When set to 1, the IP core is set to fixed throughput, which is indicated by the MBPS
parameter.

MAC_SPEED When set to 1, the MAC provides speed to the IP core.

Table 470. Parameter Usage Scenario

MAC_SPEED MBPS THROUGHPUT
CONTROL Scenario

1 N/A N/A

RX and TX speed is provided by the input signal
MIIMAC2CORESPEED10.
If MIIMAC2CORESPEED10 == 1, the
throughput is fixed at 10 Mbps, else it is fixed
at 100 Mbps.

0 0 0 RX at dynamic speed detection.
TX at fixed 10 Mbps speed.

0 0 1 RX at fixed 10 Mbps.
TX at fixed 10 Mbps.

1 1 0 RX at dynamic speed detection.
TX at fixed 100 Mbps speed.

1 1 1 RX at fixed 100 Mbps.
TX at fixed 100 Mbps.

50.4. Functional Description

50.4.1. Clocking Scheme

Either the PHY or an external source supplies a fixed 50 MHz reference clock to the IP
core. The IP core instantiates two internal clock dividers which generates the required
clocks for transmitter and receiver to support 100 Mbps and 10Mbps speed modes.

There are two division by 2-clock divider and one division by 10-clock divider.

Clock requirements:
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• 25 MHz for IP core to MII MAC transmit clock for 100 Mbps data rate

• 2.5 MHz for IP core to MII MAC transmit clock for 10 Mbps data rate

• 5 MHz for RMII PHY to IP core receive clock for 10 Mbps data rate

Figure 163. Clocking Scheme

Divide by 10
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Divide by 2
2.5 MHz Clock 

25 MHz Clock

5 MHz ClockRefClk (50 MHz)

Rstn

50.4.2. Transmit Interface

The transmit logic takes 4-bit (nibble) data through the MII transmit interface from
the MAC and transmits the same through the RMII interface to a RMII PHY. The
following figure shows the timing relations between the different signals in a MII TX
frame.

Figure 164. MII TX Frame

The parameter MBPS determines data rate of the transmit interface. If MBPS is set to
1, the TX speed in 100 Mbps; else if the MBPS is set to 0, the TX speed is 10 Mbps.
The frequency of the TX clock is 25 Mhz in 100 Mbps mode and 2.5Mhz in 10Mbps
mode. The IP core provides TX clock to MII MAC.

During transmission, the MII MAC asserts the m_tx_en signal and transmit 4-bit of
data at each cycle of the TX clock. When there is an error in the transmission, the MII
MAC asserts the m_tx_err signal synchronous to TX clock. The following figure shows
a TX frame with m_tx_err.
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Figure 165. TX Frame with Error Signal

On detecting an TX error, the core transmits 01 pattern for the rest of the
transmission over the output RMII interface, so that the frame fails the cyclic
redundancy check (CRC).

50.4.3. Receive Interface

The receive interface is a 2-bit data interface which takes di-bits from the RMII MAC
and accumulates 4-bits and sends it over the MII data interface to the MII MAC. The
following figure shows a RMII receive transfer.

Figure 166. RMII Receive Transfer

The PHY asserts the Carrier Sense or Receive Data Valid (rmii_crs_dv) signal when
the receive medium is non-idle. The rmii_crs_dv is de-asserted synchronously if the
carrier is lost, but only at nibble boundaries. If the PHY has additional bits to be
presented on rmii_rx_d[1:0] following the loss of carrier, the PHY asserts the
rmii_crs_dv on cycles of ref_clk which represent the second di-bit of each nibble.

At the nibble boundary, the rmii_crs_dv toggles at 25 MHz in 100 Mbps mode and
2.5 MHz in 10 Mbps mode on the event of carrier loss. This helps the IP core to
recover the receive data valid and carrier sense signal.

50.5. Intel FPGA MII to RMII Converter Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2020.07.22 20.2 Corrected the following signal names:
• ref_clk to RefClk
• rst_n to Rstn
• m_tx_dv to m_tx_en

2019.12.16 20.1 Initial release.
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51. Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS
Bridge Core

51.1. Core Overview

The Intel Hard Processor System (HPS) provides an Ethernet MAC function through its
EMAC peripherals. The EMAC peripherals provide an RGMII or RMII interface to the
HPS dedicated I/O or an GMII/MII interface to the FPGA I/O. For Serial Gigabit Media
Independent Interface (SGMII), it is supported through the GMII/MII interface to
FPGA fabric.

The Intel HPS GMII to TSE 1000BASE-X/SGMII PCS bridge is a soft IP core in FPGA
fabric which provides logic to hook up the HPS’s EMAC GMII/MII to the 1000BASE-X/
SGMII PCS core for SGMII interface realization.

Note: This IP core supports Intel eASIC N5X devices.

51.2. Feature Description

Figure 167. Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS Bridge Core Block
Diagram
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The Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS bridge is not directly
connected to the HPS component. Instead an intermediate component called the
Altera HPS EMAC Interface Splitter core is used as a bridge between HPS core and
Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS bridge. The intermediate
component is responsible to split the EMAC conduit interface output from HPS core
into several interfaces according to their function (hps_gmii, PTP, MDIO interfaces).
It also responsible to manage differences between EMAC interfaces of the Arria V HPS,
Cyclone V HPS, and Intel Arria 10 HPS.
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Related Information

Intel FPGA HPS EMAC Interface Splitter Core on page 582

51.2.1. Supported Features

Features supported by the core:

• Enable HPS’s EMAC GMII/MII connection Intel FPGA 1000BASE-X/SGMII PCS core

• Tri-speed (10/100/1000 Mbps) operation

• Dynamic speed switching

51.3. Core Architecture

51.3.1. Data Path

Figure 168. Transmit Data Path
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For transmit path, the GMII/MII data from the HPS goes through the transmit elastic
buffer before going into the PCS GMII and MII port. The transmit elastic buffer is
responsible for handling slight frequency differences between the transmit clock from
HPS and the transmit clock generated from the PCS’s block.

Figure 169. Receive Data Path
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The PCS block has separate GMII and MII ports while the HPS has only single GMII
and MII ports. Therefore a mux is needed in the receive data path. During MII mode,
the 4 bits MII receive data bus is duplicated in order to feed 8 bits to the GMII/MII
receive data bus of HPS. The mac_speed information from the HPS or from the CSR in
Intel FPGA HPS EMAC Interface Splitter core is used as mux select.
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51.3.2. Clock Scheme

During GMII mode (1000 Mbps), both the HPS and PCS blocks generate a transmit
clock. The GMII/MII data from the HPS is synchronous to the HPS’s internal PLL while
the PCS block expects transmit data to be synchronous to its own transmit clock. To
solve two different transmit clocks in a transmit data path, an elastic buffer is used for
transmit data transmission.

During MII mode (10/100 Mbps), a transmit clock only comes from the PCS block. The
transmit clock connected to the HPS is the gated version of transmit clock sent from
PCS block with the worst duty cycle of 1% (high: 4 ns, low: 396 ns).

The receive clock comes from the PCS block. The receive clock connected to the HPS
is the gated version of receive clock sent from the PCS block with worst duty cycle of
1% (high: 4 ns, low: 396 ns).

51.3.3. MAC Speed

Mac speed information is used to select different transmit clock sources.

Arria V or Cyclone V HPS cores do not provide mac speed information to the FPGA
fabric. Therefore a control register is defined in the Intel FPGA HPS EMAC Interface
Splitter core for software to configure it correctly according to the speed used by HPS
EMAC and PHY device.

The Intel Arria 10 HPS provides mac speed information to the FPGA fabric. The control
register in the Intel FPGA HPS EMAC Interface Splitter core is automatically removed.

The two incoming mac_speed bits going into Intel FPGA HPS GMII to TSE 1000BASE-
X/SGMII PCS bridge is treated as asynchronous and static. Only 1 bit
(mac_speed[1]]) is being used to determine whether the MAC is operating in GMII or
MII mode. Therefore a double synchronizer is enough to synchronize (mac_speed[1]).
No additional filtering logic is needed unless both bits are used.

51.3.4. Transmit Elastic Buffer

Transmit elastic buffer is asynchronous FIFO with fix high and low watermark level.
High watermark level is fixed at (TX_BUFFER_DEPTH/2 + 4) valid entries and low
watermark level is fixed at (TX_BUFFER_DEPTH/2 - 4) valid entries. When the number
of valid entries is equal or above the high watermark level, any IDLE symbol
appearing at the write port of the buffer is dropped (IDLE symbol deletion). When the
number of valid entries is equal or below low watermarks level, any IDLE symbol read
from the read port does not increment the read pointer of the buffer (IDLE symbol
insertion). IDLE symbol definition is tx_en = 0 and tx_err = 0.

The buffer depth is fixed at 64. Higher buffer depths provides more margins to avoid
overflow/underflow condition to occur. The buffer depth configuration depends on the
maximum Ethernet packet or maximum IDLE symbol separation in the Ethernet
protocol and the maximum ppm different between the two clock sources.
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Figure 170. Elastic Buffer Watermark Level
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51.3.4.1. GMII to MII Mode Transition

The elastic buffer works when both write and read ports are having an equal or similar
clock frequency. Ethernet operation allows dynamic speed mode changes. During a
GMII to MII or MII to GMII mode transition, there could be a possibility that the
transmit clock from HPS clock source and PCS block are out of sync in terms of clock
frequency. If they are out of sync this causes an overflow/underflow condition to
occur.

For example, during GMII to MII mode transition, the transmit clock from the PCS
could be running at 25/2.5MHz while clock switching in HPS may yet to be completed
and running at 125MHz. Clock switching in the PCS and HPS could incur a short period
of an inactive clock as well due to graceful clock mux implementation. This challenge
is handled through software.A register bit which act as a soft reset to the buffer is
defined in this adapter core. Software is responsible to ensure the buffer is disabled
when there is a change in the speed configuration of the PCS and MAC. The buffer is
enabled only when configuration in both PCS and MAC blocks are completed and a
valid transmit clock is running at both read and write ports of the buffer.

51.3.5. Avalon-MM Agent Interface

The following are the configuration of the Avalon-MM agent interface:

• Bus width: 32-bit

• Fixed read and write wait time: 0 cycles

• No burst support

• No lock support

51.3.6. Programming Model

Software is required to disable and enable the transmit data path accordingly
whenever there is change in speed mode configuration.

In the case of Cyclone V and Arria V SoC devices, software is required to program the
mac_speed register in Intel FPGA HPS EMAC Interface Splitter core as per MAC or PHY
device setting.
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Refer to the Triple-Speed Ethernet IP Core User Guide for programming sequence of
the MAC and PCS block respectively.

Related Information

Triple-Speed Ethernet MegaCore Function User Guide

51.4. Configuration Parameters

51.5. Interface

Figure 171. Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS Bridge Top Level
Interfaces
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Table 471. Top Level I/O Port List

Signal Width Direction Description

Interface Name: peri_clock
Description: Peripheral clock interface

clk 1 Input Peripheral clock source

Interface Name: peri_reset
Description: Peripheral reset interface

rst_n 1 Input Active low peripheral asynchronous reset source.
This signal is asynchronously asserted and synchronously de-asserted. The
synchronous de-assertion must be provided external to this core.

Interface Name: avalon_slave
Description: Avalon MM agent interface for CSR access of this core

addr 1 Input Avalon-MM address bus. The address bus is in the unit of word addressing.

read 1 Input Avalon-MM read control

write 1 Input Avalon-MM write control

writedata 32 Input Avalon-MM write data bus

readdata 32 Output Avalon-MM read data bus

Interface name: hps_gmii
Description: Conduit interface connected to HPS EMAC GMII/MII interface

mac_tx_clk_o 1 Input GMII/MII transmit clock from HPS

continued...   
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Signal Width Direction Description

mac_tx_clk_i 1 Output GMII/MII transmit clock to HPS

mac_rx_clk 1 Output GMII/MII receive clock to HPS

mac_rst_tx_n 1 Input GMII/MII transmit reset source from HPS. Active low reset.

mac_rst_rx_n 1 Input GMII/MII receive reset source from HPS. Active low reset.

mac_txd 8 Input GMII/MII transmit data from HPS

mac_txen 1 Input GMII/MII transmit enable from HPS

mac_txer 1 Input GMII/MII transmit error from HPS

mac_rxdv 1 Output GMII/MII receive data valid to HPS

mac_rxer 1 Output GMII/MII receive data error to HPS

mac_rxd 8 Output GMII/MII receive data to HPS

mac_col 1 Output GMII/MII collision detect to HPS

mac_crs 1 Output GMII/MII carrier sense to HPS

mac_speed 2 Input MAC speed indication from HPS

Interface name: pcs_transmit_reset
Description: Transmit reset source from HPS

pcs_rst_tx 1 Output Inverted version of mac_rst_tx_n. Active high reset.

Interface name: pcs_receive_reset
Description: Receive reset source from HPS

pcs_rst_rx 1 Output Inverted version of mac_rst_rx_n. Active high reset.

Interface name: pcs_transmit_clock
Description: Transmit clock from PCS block

pcs_tx_clk 1 Input Transmit clock from PCS block.

Interface name: pcs_receive_clock
Description: Receive clock from PCS block

pcs_rx_clk 1 Input Receive clock from PCS block

Interface name: pcs_clock_enable
Description: Transmit and receive clock enabler from PCS block

pcs_txclk_ena 1 Input Transmit clock enabler from PCS block. This signal enables the pcs_tx_clk.

pcs_rxclk_ena 1 Input Receive clock enabler from PCS block. This signal enables the pcs_rx_clk.

Interface name: pcs_gmii
Description: GMII interface to the PCS block

pcs_gmii_rx_dv 1 Input Receive data valid from PCS block

pcs_gmii_rx_d 8 Input Receive data from PCS block

pcs_gmii_rx_err 1 Input Receive data error from PCS block

pcs_gmii_tx_en 1 Output Transmit data enable to PCS block

pcs_gmii_tx_d 8 Output Transmit data to PCS block

continued...   
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Signal Width Direction Description

pcs_gmii_tx_err 1 Output Transmit data error to PCS block

Interface name: pcs_mii
Description: MII interface to the PCS block

pcs_mii_rx_dv 1 Input Receive data valid from PCS block

pcs_mii_rx_d 4 Input Receive data from PCS block

pcs_mii_rx_err 1 Input Receive data error from PCS block

pcs_mii_tx_en 1 Output Transmit data enable to PCS block

pcs_mii_tx_d 4 Output Transmit data to PCS block

pcs_mii_tx_err 1 Output Transmit data error to PCS block

pcs_mii_col 1 Input Collision detect from PCS block

pcs_mii_crs 1 Input Carrier sense from PCS block

51.6. Registers

51.6.1. Register Memory Map

Each address offset represent one word of memory address space.

Table 472. Control Register Memory Map

Register Address Offset Width Attribute

CTRL 0x0 1 R/W

51.6.2. Register Description

Table 473. Control Register (CTRL)

Bit Fields Access Default Value Description

31:1 Reserved N/A 0x0 Reserved

0 TX_DISABLE R/W 0x1 Transmit data path
disable bit.
This field disables the
transmit data path of
the adapter core. It
acts as software reset
to all transmit
sequential logic in the
adapter core (example
the elastic buffer
controller).
1: Transmit data path
is disabled (default).
0: Transmit data path
is enabled.
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51.7. Intel FPGA HPS GMII to TSE 1000BASE-X/SGMII PCS Bridge
Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2021.03.29 21.1 Added support for Intel eASIC N5X devices.

2018.05.07 18.0 Implemented editorial enhancements.

2017.05.08 17.0 Initial release.
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52. Intel FPGA HPS EMAC to Multi-rate PHY GMII Adapter
Core

Intel FPGA Hard Processor System (HPS) supports EMAC peripherals that provide
RGMII or RMII interface to HPS dedicated IO or GMII/MII interface to FPGA IO with 8-
bit data width.

On the other hand, the 1G/2.5G/5G/10G Multi-rate Ethernet PHY Intel FPGA IP core
implements the IEEE 802.3.2005 standard which only supports 16-bit GMII/MII
interface.

Intel FPGA HPS EMAC to Multi-rate PHY GMII Adapter Core act as an extension to
provide logic adaption for the GMII/MII interface between HPS’s EMAC and Multi-rate
Ethernet PHY to enable Serial Gigabit Media Independent Interface (SGMII)
realization.

52.1. Supported Features

Intel FPGA HPS EMAC to Multi-rate PHY GMII Adapter core supports the following
features:

• Tri-speed (10/100/1000 Mbps) operation

• Dynamic speed switching

• Full duplex mode

Note: This IP core is only available in the Intel Quartus Prime Pro Edition.

52.2. Functional Description

The following diagram illustrates the system level connection of Intel FPGA HPS EMAC
to Multi-rate PHY GMII Adapter core.
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Figure 172. Block Diagram
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The I/O PLL derives three clocks with frequency 125MHz, 25MHz, and 2.5MHz. The
HPS EMAC Interface Splitter Intel IP core splits the EMAC conduit interface output
from HPS into several interface signals according to their functions.

The Ethernet operation allows dynamic speed mode changes. During GMII to MII or
MII to GMII mode transition, there is a possibility that the transmit clock from HPS
clock source and PCS block are out of sync in terms of clock frequency which may
cause an overflow/underflow situation. To avoid an overflow/underflow situation, use
the TX_DISABLE register bit to disable the datapath during the change in speed
configuration of the PCS and MAC.

Table 474. Avalon Memory-Mapped Interface Agent Interface

Configuration Values

Bus width 32-bit

Burst support No

Fixed read and write wait time 0 cycle

Fixed read latency 1 cycle

Lock support No

Related Information

• RocketBoards.org: Intel Stratix 10 SoC SGMII Reference Design v18.1 - User
Manual

• Intel FPGA HPS EMAC Interface Splitter Core on page 582
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52.3. Interface Signals

Figure 173. Interface Signals
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Signal Width Direction Description

Peripheral Clock Interface (peri_clock)

clk 1 Input Peripheral clock source

Peripheral Reset Interface (peri_reset)

rst_n 1 Input
Active-low peripheral asynchronous reset source.
This signal is asynchronously asserted and synchronously de-asserted. The
synchronous de-assertion must be provided external to this core.

PLL Clock Interface (pll_derived_clock_in)

pll_125m_clk 1 Input 125MHz derived clock for adapter operation.

pll_25m_clk 1 Input 25MHz derived clock for adapter operation.

pll_2_5m_clk 1 Input 2.5MHz derived clock for adapter operation.

pll_locked 1 Input PLL locked for adapter operation.

Avalon MM Agent Interface for CSR Access (avalon_slave)

addr 1 Input Avalon Memory-Mapped Interface address bus. The address bus is in the unit of Word
addressing.

read 1 Input Avalon Memory-Mapped Interface read control.

write 1 Input Avalon Memory-Mapped Interface write control.

writedata 32 Input Avalon Memory-Mapped Interface write data bus.

readdata 32 Output Avalon Memory-Mapped Interface read data bus.

HPS EMAC GMII/MII Interface (hps_gmii)

mac_tx_clk_o 1 Input GMII/MII transmit clock from HPS.

mac_tx_clk_i 1 Output GMII/MII transmit clock to HPS.

mac_rx_clk 1 Output GMII/MII receive clock to HPS.

mac_rst_tx_n 1 Input GMII/MII transmit reset source from HPS. Active low reset.

mac_rst_rx_n 1 Input GMII/MII receive reset source from HPS. Active low reset.

mac_txd 8 Input GMII/MII transmit data from HPS.
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Signal Width Direction Description

mac_txen 1 Input GMII/MII transmit enable from HPS.

mac_txer 1 Input GMII/MII transmit error from HPS.

mac_rxdv 1 Output GMII/MII receive data valid to HPS.

mac_rxer 1 Output GMII/MII receive data error to HPS.

mac_rxd 8 Output GMII/MII receive data to HPS.

mac_col 1 Output GMII/MII collision detect to HPS.

mac_crs 1 Output GMII/MII carrier sense to HPS.

mac_speed 2 Input MAC speed indication from HPS.

Multirate PHY GMII Clock Interface

phy_rx_clkout 1 Input Multirate PHY RX Clock Out.

phy_rx_clkena 1 Input Multirate PHY RX Clock Enable.

phy_tx_clkout 1 Input Multirate PHY TX Clock Out.

phy_tx_clkena 1 Input Multirate PHY TX Clock Enable.

Multirate PHY GMII Data Interface (16-bit)

gmii16b_rx_d 16 Input Multirate PHY GMII receive data.

gmii16b_rx_dv 2 Input Multirate PHY GMII receive data valid.

gmii16b_rx_err 2 Input Multirate PHY GMII receive data error.

gmii16b_tx_d 16 Output Multirate PHY GMII transmit data.

gmii16b_tx_en 2 Output Multirate PHY GMII transmit data enable.

gmii16b_tx_err 2 Output Multirate PHY GMII transmit data error.

Multirate PHY Speed Interface

phy_speed 3 Input Multirate PHY Operating Speed.

52.4. Register Memory Map and Description

Table 475. Register Memory Map
Each address offset represents one word of memory address space.

Name Offset Width Access Description

CTRL 0x0 1 R/W Control Register

Table 476. Register Description

Bit Fields Access Default Value Description

Control Register (CTRL)

31:1 Reserved - 0x0 Reserved.

0 TX_DISABLE R/W 0x1

Transmit data path disable bit.
This field disables the transmit data path of the
adapter core. It acts as software reset to all
transmit sequential logic in the adapter core
(for example the elastic buffer controller).
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Bit Fields Access Default Value Description

• 1: Transmit data path is disabled (default)
• 0: Transmit data path is enabled
.

52.5. Intel FPGA HPS EMAC to Multi-rate PHY GMII Adapter Core
Revision History

Document Version Intel Quartus
Prime Version

Changes

2019.04.01 19.1 Initial release.
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53. Intel FPGA MSI to GIC Generator Core

53.1. Core Overview

In the PCI subsystem, Message Signaled Interrupts (MSI) is a feature that enables a
device function to request service by writing a system-specified data value to a
system-specified message address (using a PCI DWORD memory write transaction).
System software initializes the message address and message data during device
configuration, allocating one or more system-specified data and system-specified
message addresses to each MSI capable function.

A MSI target (receiver), Intel FPGA PCIe RootPort Hard IP, receives MSI interrupts
through the Avalon Streaming (Avalon-ST) RX TLP of type MWr. For Avalon-MM based
PCIe RootPort Hard IP, the RP_Master issues a write transaction with the system-
specified message data value to the system-specified message address of a MSI TLP
received. This memory mapped mechanism does not issue any interrupt output to
host the processor; and it relies on the host processor to poll the value changes at the
system-specified message address in order to acknowledge the interrupt request and
service the MSI interrupt. This polling mechanism may overwhelm the processor
cycles and it is not efficient.

The Intel FPGA MSI-to-GIC Generator is introduced with the purpose of allowing level
interrupt generation to the host processor upon arrival of a MSI interrupt. It exists as
a separate module to Intel FPGA PCIe HIP for completing the interrupt generation to
host the processor upon arrival of a MSI TLP.

53.2. Background

The existing implementation of the MSI target at Intel FPGA PCIe RootPort translates
the MSI TLP received into a write transaction via PCIe Hard IP Avalon-MM Host port
(RP_Master). No interrupt output directed to the host processor to kick start the
service routine for the MSI sender is needed.

53.3. Feature Description

The Intel FPGA MSI-to-GIC Generator provides storage for the MSI system-specified
data value. It also generates level interrupt output when there is an unread entry. The
following figure illustrates the connection of the MSI-to-GIC Generator module in a
PCIe subsystem.
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Figure 174. MSI-to-GIC Generator in PCIe RP system
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This module is connected to RP_Master of PCIe RootPort HIP issuing memory map
write transaction upon MSI TLP arrival. System-specified data value carried by the MSI
TLP is written into the module storage. The same Avalon MM Data Agent port also
connects to the host processor for MSI data retrieval upon interrupt assertion. An Intel
FPGA MSI-to-GIC Generator module could contain data storage from one to 32 words
of continuous address span. Each data word of storage is associated with a
corresponding numbered bit of Status Bits and Mask Bits registers. Each data word
address location can store up to 32 entries.

There is an up to 32-bit Status Register that indicates which storage word location has
an unread entry. Also, there is a similar bit size of Interrupt Mask Register that is in
place to allow control of module behavior by the host processor. The Interrupt Mask
register provides flexibility for the host processor to disregard the incoming interrupt.

The base address assigned for Intel FPGA MSI-to-GIC Generator module in the
subsystem should cover the system-specified message address of MSI capable
functions during device configuration. Multiple Intel FPGA MSI-to-GIC Generator
modules could be instantiated in a subsystem to cover different system-specified
message addresses.

Avalon-MM Agent interfaces of this module honors fixed latency of access to ensure
the connected host (in this case, the RP_Master) can successfully write into the
module without back pressure. This avoids the PCIe upstream traffic from impact
because of backpressuring of RP_Master.

Since MSI is multiple messages capable and multiple vectors are supported by each
MSI capable function, there is a tendency that a system-specified message address
receives more than one MSI message data before the host processor is able to service
the MSI request. The Component is configurable to have each data word address to
receive up to 32 entries, before any data value is retrieved. When you reach the
maximum data value entry of 32, subsequent write transactions are dropped and
logged. This ensures every write transaction to the storage has no back pressure
which may lead to system lock up.
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53.3.1. Interrupt Servicing Process

When a new message data is written into Intel FPGA MSI-to-GIC Generator module,
the storage word associated Status bit is set automatically and a level interrupt output
is then fired. The host processor that receives this interrupt output is required to
service the MSI request, as indicated in the following procedure:

1. The host processor reads the Status Register to recognize which data word
location of its storage is causing the interrupt.

2. The host processor reads the firing data word location for its system-specified
message data value sent by the MSI capable function. Upon reading the data
word, message data is considered consumed, the associated Status bit is then
unset automatically. If the word location entry is empty, then the Status bit still
remains asserted.

3. The host processor services either the MSI sender or the function who calls for the
MSI.

4. Upon completing the interrupt service for the first entry, the host processor may
continue to service the remaining entry if there is any residing inside the word
location, by observing the associated Status bit.

5. The host processor may run through the Status Register and service each firing
Status bit in any order.

53.3.2. Registers of Component

The following table illustrates the Intel FPGA MSI-to-GIC Generator registers map as
observed by the host processor from its Avalon-MM CSR interfaces. The bit size of
each register is numbered according to the configured number of data word storage
for MSI message of the component. The maximum width of each register should be 32
bits because the configurable value range is from 1 to 32.

Table 477. CSR registers map

Word Address Offset Register/ Queue Name Attribute

0x0 Status register R

0x1 Error register RW
Note: Write '1' to clear

0x2 Interrupt Mask register RW

53.3.2.1. Status Register

The status register contains individual bits representing each of the data words
location entry status. An unread entry sets the Status bit. The Status bit is cleared
automatically when entry is empty. The value of the register is defaulted to ‘0’ upon
reset.

The following table illustrates the Status register field.

Table 478. Status Register fields

Field Name Bit Location

Status bit for message data word location [31:0] 31:0
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53.3.2.2. Error Register

The Error register bit is set automatically only when the associated message data
word location that contains the write entry, indicating it was dropped due to maximum
entry limit reached. The Error bit indicates the possibility of the MSI TLP targeting the
associated system-specified address. This condition should not happen as each MSI
capable function is only allowed to send up to 32 MSI even with multiple vector
supported.

The Error bit can be cleared by the host processor by writing ‘1’ to the location.

Upon reset, the default value of the Error register bits are set to ‘0’.

The following table illustrates the Pending register field.

Table 479. Error Register fields

Field Name Bit Location

Error bit for message data word location [31:0] 31:0

53.3.2.3. Interrupt Mask Register

The Interrupt Mask register provides a masking bit to individual Status bit before the
Status is used to generate level interrupt output. Having the masking bit set,
disregards the corresponding Status bit from causing interrupt output.

Upon reset, the default value of Interrupt Mask register is 0, which means every single
data word address location is disabled for interrupt generation. To enable interrupt
generation from a dedicated message entry location, the associated Mask bit needs to
be set to ‘1’.

The following table illustrates the Interrupt Mask register field.

Table 480. Interrupt Mask Register fields

Field Name Bit Location

Masking bit for Status [31:0] 31:0

53.3.3. Unsupported Feature

The message data entry Avalon-MM Agent represents the system-specified address for
MSI function. The offset seen by MSI function should be similar to the offset seen by
the host processors. As this Avalon-MM Agent interface is accessible (write and read)
by both the host processor and the PCIe RP HIP, any read transaction to the offset
address (system-specified address) is considered to have the message data entry
consumed. Observing this limitation, only host host, which is expected to serve the
MSI should read from the Avalon-MM Agent interface. A read from the PCIe RP_Master
to the Avalon-MM Agent is prohibited.
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53.4. Intel FPGA MSI to GIC Generator Core Revision History

Document Version Intel Quartus
Prime Version

Changes

2018.05.07 18.0 Implemented editorial enhancements.

2014.07.24 14.0 Initial release.
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54. Cache Coherency Translator Intel FPGA IP

54.1. Core Overview

Cache Coherency Translator (CCT) IP acts as the AXI-4 to ACE-Lite translator which
embeds the cacheability and coherency settings to the ACE-Lite initiator. This IP
serves as a bridge between the AXI-4 Manager and ACE-Lite Interface of the FPGA-to-
HPS bridge.

Cache Coherency Translator embeds the following signals:

• ARDOMAIN

• ARBAR

• ARSNOOP

• ARCACHE

• ARPROT

• ARUSER (For Intel Agilex devices only)

• AWDOMAIN

• AWBAR

• AWSNOOP

• AWCACHE

• AWPROT

• AWUSER (For Intel Agilex devices only)

There are three control interfaces available for signal manipulation:

• Fixed Value

• GPIO Conduit Interface

• Avalon memory mapped CSR interfaces

54.2. IP Parameters

Figure 175. Cache Coherency Translator Interface

Table 481. Parameter List

Parameter Legal Values Description

General

CONTROL_INTERFACE 0:None, 1:GPIO, 2:CSR
Control interface to embed the cacheability and
coherency settings to the IP.
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Parameter Legal Values Description

Address Width 20:38 Address width for the AXI-4 and ACE-LITE interface.

Data Width 128, 256, 512 Data width for the AXI-4 and ACE-LITE interface.

AXM ID Width 1:18 ID width for ACE-LITE interface. (42) (43)

AXS ID Width 1:18 ID Width for AXI-4 interface.

Acceptance

Read Issuing Capability 4 bits integer Specifies the maximum number of pending reads that the
ACE-LITE manager issues.

Write Issuing Capability 4 bits integer Specifies the maximum number of pending writes that
the ACE-LITE manager issues.

Combined Issuing Capability 4 bits integer Specifies the maximum number of pending transactions
that the ACE-LITE manager issues.

ACE-LITE Transaction Control for Read Channel

ARDOMAIN_OVERRIDE 2 bits STD_LOGIC Default ACE-LITE Manager ARDOMAIN value for override.

ARBAR_OVERRIDE 2 bits STD_LOGIC Default ACE-LITE Manager ARBAR value for ovveride.

ARSNOOP_OVERRIDE 4 bits STD_LOGIC Default ACE-LITE Manager ARSNOOP value for override.

ARCACHE_OVERRIDE_EN 0,1
Enable/Disable ACE-LITE Manager ARCACHE override. If
override is disabled, the axm_m0_arcache =
axs_s0_arcache.

ARCACHE_OVERRIDE 4 bits STD_LOGIC Default ACE-LITE Manager ARCACHE value for override.

ACE-LITE Transaction Control for Write Channel Tab

AWDOMAIN_OVERRIDE 2 bits STD_LOGIC Default ACE-LITE Manager AWDOMAIN value for override.

AWBAR_OVERRIDE 2 bits STD_LOGIC Default ACE-LITE Manager AWBAR value for embedded.

AWSNOOP_OVERRIDE 3 bits STD_LOGIC Default ACE-LITE Manager AWSNOOP value for override.

AWCACHE_OVERRIDE_EN 0,1
Enable/Disable ACE-LITE Manager AWCACHE override. If
override is disabled, the axm_m0_awcache =
axs_s0_awcache.

AWCACHE_OVERRIDE 4 bits STD_LOGIC Default ACE-LITE Manager AWCACHE value for override.

User Selection

AxPROT_OVERRIDE_EN 0,1

Enable/Disable ACE-LITE Manager AWPROT and ARPROT
override. If override is disabled, the axm_m0_arprot =
axs_s0_arprot and axm_m0_awprot =
axs_s0_awprot.

AxPROT_OVERRIDE 3 bits Default ACE-LITE Manager AWPROT & ARPROT value for
override.

AxUSER_SELECTION(44) 0,1
Default ACE-LITE Manager's AWUSER & ARUSER.
0 - Route to CCU.

(42) AXM ID Width must be equal or greater than the AXS ID Width.

(43) If AXS ID Width is larger than AXM ID Width, error message is prompted. If AXS ID
Width is smaller than AXM ID Width, zero padding is applied to the most significant bit
(MSB) of the ID.

(44) AxUSER_SELECTION is for Intel Agilex devices only.
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Parameter Legal Values Description

1 - Bypass CCU.

54.3. Use Case

The typical use case for Cache Coherency Translator (CCT) Intel FPGA IP is allowing
any AXI-4 Manager to communicate with FPGA-to-HPS ACE-Lite interface in Intel
Stratix 10 or Intel Agilex SoC devices and embed the cacheability and coherency
settings to the ACE-Lite subordinate of HPS.

Figure 176. Cache Coherency Translator (CCT) Use Case

S10/Agilex HPS IP

FPGA-to-HPS 
ACE-LITE

CCT IPAXI-4
Manager ACE-LITEAXI-4

54.4. Functional Description

Figure 177. Fixed Value Mode Block Diagram (CONTROL_INTERFACE = 0 (None))
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Figure 178. GPIO Mode Block Diagram (CONTROL_INTERFACE = 1 (GPIO))
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Figure 179. CSR Mode Block Diagram (CONTROL_INTERFACE = 2 (CSR))
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54.4.1. Fixed Value

When CONTROL_INTERFACE is set to 0: None, all the override values will be the IP
settings default override values.
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Figure 180. Block Diagram for Fixed Value Mode
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54.4.2. GPIO Mode

When CONTROL_INTERFACE is set to 1: GPIO, all the override values will be from
the GPIO interface.
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Figure 181. Block Diagram for GPIO Mode

CCT IP (GPIO Mode)

AXS_AWID, ARID
[AXS_ID_Width-1:0]

AXS_AWID, ARID
[AXS_ID_Width-1:0]

AXI-4 ACE-LITE
Subordinate

AXI-4
Manager

‘d0

AXS_AWID, ARID
[AXS_ID_Width-1:0]

AXS_AWID, ARID
{[AXM_ID_Width-AXS_ID_Width]’d0,

[AXS_ID_Width-1:0]}

‘d0

ACE-LITE

AWUSER, ARUSER [0]
AWQOS, ARQOS

AWPROT,
ARPROT

ARSNOOP

AWSNOOP

ARDOMAIN

AWDOMAIN

ARBAR

AWUSER, ARUSER [7:1]
AWBAR

1
0

1
0

1
0

AWCACHE

AxREADY

RREADY

BRESP, BVALID
BREADY

RDATA, RLAST,
RRESP, RVALID

AxADDR, AxBURST,
AxLEN, AxVALID,
AxLOCK, AxSIZE

ARCACHEARCACHE

[22:19]

[31:29]

*AxPROT_OVERRIDE_EN

[7:4]
[1:0]

[13:12]
[15:14]
[28:23]

GPIO

[3:2]
[18:16]

[11:8]

*ARCACHE_OVERRIDE_EN

*AWCACHE_OVERRIDE_EN

WREADY

AWPROT, ARPROT

AWCACHE

AxID

RID
BID

WDATA, WLAST,
WSTRB, WVALID

Data
Synchronizer

IP Parameters
Switch control for AXI IP parameters*

54.4.3. CSR Mode

When CONTROL_INTERFACE is set to 2: CSR, all the override values will be from
the CSR Register. When reset is asserted, the default override values will be set to the
CSR register. You can modify the register through the CSR Avalon memory-mapped
interface.
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Figure 182. Block Diagram for CSR Mode
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54.5. Interface Signals

Table 482. Interface Signals for FIXED, GPIO and CSR mode

Signal Names Direction Description

ACE-LITE Manager

axm_m0_araddr Output The address of the first transfer in a read transaction.

axm_m0_arbar Output Provides information on barrier type in a read transaction.

axm_m0_arburst Output Burst type. Indicates how the address changes between each
transfer in a read transaction.

axm_m0_arcache Output Indicates how a read transaction is required to progress
though a system.

axm_m0_ardomain Output Provides information on shareability domain in a read
transaction.

axm_m0_arid Output Identification tag for a read transaction.

axm_m0_arlen Output The exact number of data transfer in a read transaction.

axm_m0_arlock Output Provides information about the atomic characteristics of a read
transaction.

axm_m0_arprot Output Protection attributes of a read transaction: privilege, security
level, and access type.

axm_m0_arqos Output Quality of service indentifier for a read transaction.

axm_m0_arready Input Indicates that a transfer on the read address channel can be
accepted.

axm_m0_arsize Output The number of bytes in each data transfer in a read
transaction.

axm_m0_arsnoop Output Indicates the transaction type in a shareable read transaction.

axm_m0_aruser Output User-defined extension for the read address channel.

axm_m0_arvalid Output Indicates valid read address channel signals.

axm_m0_awaddr Output The address of the first transfer in a write transaction

axm_m0_awbar Output Provides information on barrier type in a write transaction.

axm_m0_awburst Output Burst type. Indicates how address changes between each
transfer in a write transaction.

axm_m0_awcache Output Indicates how a write transaction is required to progress
through a system.

axm_m0_awdomain Output Provides information on shareability domain in a write
transaction.

axm_m0_awid Output Identification tag for a write transaction.

axm_m0_awlen Output
The exact number of data transfer in a write transaction. This
information determines the number of data transfers
associated with the address.

axm_m0_awlock Output Provides information about the atomic characteristics of a write
transaction.

axm_m0_awprot Output Protection attributes of a write transactions: privilege, security
level, and access type.
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Signal Names Direction Description

axm_m0_awqos Output Quality of Service identifier for a write transaction.

axm_m0_awready Input Indicates that a transfer on the write address channel can be
accepted.

axm_m0_awsize Output The number of bytes in each data transfer in a write
transaction.

axm_m0_awsnoop Output Indicates the transaction type in a shareable write transaction.

axm_m0_awuser Output User-defined extension for the write address channel.

axm_m0_awvalid Output Indicates valid write address channel signals.

axm_m0_bid Input Identification tag for a write response.

axm_m0_bready Output Indicates that a transfer on the write response channel can be
accepted.

axm_m0_bresp Input Indicates the status of a write transaction.

axm_m0_bvalid Input Indicates valid write response response channel signals.

axm_m0_rdata Input Read data.

axm_m0_rid Input Identification tag for read data and response.

axm_m0_rlast Input Indicates whether this is the last data transfer in a read
transaction.

axm_m0_rready Output Indicates that a transfer on the read data channel can be
accepted.

axm_m0_rresp Input Indicates the status of a read transfer.

axm_m0_rvalid Input Indicates valid the read data channel signals.

axm_m0_wdata Output Write data.

axm_m0_wlast Output Indicates whether this is the last data transfer in a write
transaction.

axm_m0_wready Input Indicates that a transfer on the write data channel can be
accepted.

axm_m0_wstrb Output Write strobes. Indicates which byte lanes hold valid data.

axm_m0_wvalid Output Indicates valid write data channel signals.

AXI-4 Subordinate

axs_s0_araddr Output The address of the first transfer in a read transaction.

axs_s0_arburst Output Burst type. Indicates how the address changes between each
transfer in a read transaction.

axs_s0_arcache Output Indicates how a read transaction is required to progress
through a system.

axs_s0_arid Output Identification tag for a read transaction.

axs_s0_arlen Output The exact number of data transfers in a read transaction.

axs_s0_arlock Output Provides information about the atomic characteristics of a read
transaction.

axs_s0_arprot Output Protection attributes of a read transaction: privilege, security
level, and access type.
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Signal Names Direction Description

axs_s0_arready Output Indicates that a transfer on the read address channel can be
accepted.

axs_s0_arsize Output The number of bytes in each data transfer in a read
transaction.

axs_s0_arvalid Output Indicates valid read address channel signals.

axs_s0_awaddr Input The address of the first transfer in a write transaction.

axs_s0_awburst Output Burst type. Indicates how the address changes between each
transfer in a write transaction.

axs_s0_awcache Output Indicates how a write transaction is required to progress
through a system.

axs_s0_awid Output Identification tag for a write transaction.

axs_s0_awlen Output
The exact number of data transfers in a write transaction. This
information determines the number of data transfers
associated with the address.

axs_s0_awlock Output Provides information about the atomic characteristics of a write
transaction.

axs_s0_awprot Output Protection attributes of a write transactions: privilege, security
level, and access type.

axs_s0_awready Output Indicates that a transfer on the write address channel can be
accepted.

axs_s0_awsize Output The number of bytes in each data transfer in a write
transaction.

axs_s0_awvalid Output Indicates valid write address channel signals.

axs_s0_bid Output Identification tag for a write response.

axs_s0_bready Output Indicates that a transfer on the write response channel can be
accepted.

axs_s0_bresp Output Write response. Indicates the status of a write transaction.

axs_s0_rdata Output Read data.

axs_s0_rid Input Identification tag for read data and response.

axs_s0_rlast Output Indicates whether this is the last data transfer in a read
transaction.

axs_s0_rready Output Indicates that a transfer on the read data channel can be
accepted.

axs_s0_rresp Output Read response. Indicates the status of a read transfer.

axs_s0_rvalid Output Indicates valid read data channel signals.

axs_s0_wdata Input Write data.

axs_s0_wlast Output Indicates whether this is the last data transfer in a write
transaction.

axs_s0_wready Input Indicates that a transfer on the write data channel can be
accepted.

axs_s0_wstrb Input Write strobes. Indicates which byte lanes hold valid data.

axs_s0_wvalid Input Indicates valid write data channel signals.
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Table 483. Interface Signals for CSR mode

Signal Names Direction Description

CSR Avalon memory-mapped

addr Input Address

read Input Read

write Input Write

writedata Input Write Data

readdata Output Read Data

Table 484. Interface Signals for GPIO mode

Signal Names Direction Description

GPIO Conduit

gp_output Input HPS gp_output

gp_input Output HPS gp_input

54.6. Clocking

CSR register is driven by the CSR clock domain. The ACE-LITE and AXI-4 signals are
driven by AXI clock domain. GPIO interface is a 32-bit asynchronous signal.

Clock crossing from the CSR Register/GPIO signals to the AXI clock domain is done by
the data_synchronizer submodule. The data synchronizer module will output the
synchronized data only if it stays unchanged for the given QUALIFYING TIME
(currently set to 3 clock cycles).

54.7. Reset

The reset signal for CSR clock domain is csr_reset and the reset signal for the AXI
clock domain is reset.

54.8. Clock and Reset Signals

Table 485. Clock and Reset Signals

Signal Names Direction Description

Clock signals

csr_clk Input CSR Avalon memory-mapped clock.

clk Input ACE-LITE Manager and AXI-4 Subordinate clock.

Reset signals

csr_reset Input CSR Avalon memory-mapped reset.

reset Input ACE-LITE Manager and AXI-4 Subordinate reset.
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54.9. Register Description

Table 486. GPIO Interface Bit Definition

GPIO Bits Targetted ACE-LITE Signals

[1:0] ARDOMAIN

[3:2] ARBAR

[7:4] ARSNOOP

[11:8] ARCACHE

[13:12] AWDOMAIN

[15:14] AWBAR

[18:16] AWSNOOP

[22:19] AWCACHE

[28.23]
AxUSER[7:1].
AxUSER[0] is fixed to '0.

[31:29] AxPROT

Table 487. Register Description for CSR mode

Address Offset Register

0x0 CSR Reg0

Table 488. CSR Register 0-bit Definition

CSR Reg0 Bits Targetted ACE-LITE signals

[1:0] ARDOMAIN

[3:2] ARBAR

[7:4] ARSNOOP

[11:8] ARCACHE

[13:12] AWDOMAIN

[15:14] AWBAR

[18:16] AWSNOOP

[22:19] AWCACHE

[28:23]
AxUSER[7:1].
AxUSER[0] is fixed to '0.

[31:29] AxPROT

54.10. Cache Coherency Translator Intel FPGA IP Revision History

Document Version Intel Quartus
Prime Version

IP Version Changes

2022.03.28 22.1 1.0.1 Initial release.
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Descriptor - definition of descriptor by The Free Dictionary
https://www.thefreedictionary.com/descriptor

Thesaurus ≠ Antonyms↔ Related Words≡ SynonymsLegend:

descriptor  

Also found in: Thesaurus, Financial, Encyclopedia, Wikipedia.
Related to descriptor: Deployment Descriptor, File descriptor

de·scrip·tor   (dĭ-skrĭp′tər)

n. Computers
A word, phrase, or alphanumeric character used to identify an item in an information storage and retrieval system.

[Late Latin dēscrīptor, describer, from Latin dēscrībere, dēscrīpt-, to describe; see describe.]

American Heritage® Dictionary of the English Language, Fifth Edition. Copyright © 2016 by Houghton Mifflin Harcourt Publishing Company.

Published by Houghton Mifflin Harcourt Publishing Company. All rights reserved.

descriptor  (dɪˈskrɪptə)

n
a word or phrase which constitutes the descriptive element of a sentencea keyword assigned to a data-file and stored in
a search index so that it can be located through a search engine or in a database

Collins English Dictionary – Complete and Unabridged, 12th Edition 2014 © HarperCollins Publishers 1991, 1994, 1998, 2000, 2003, 2006, 2007,

2009, 2011, 2014

de•scrip•tor  (dɪˈskrɪp tər) 

n.
a significant term used to categorize or locate material in an index or information retrieval system.

[1960–65]

Random House Kernerman Webster's College Dictionary, © 2010 K Dictionaries Ltd. Copyright 2005, 1997, 1991 by Random House, Inc. All rights

reserved.

Switch to new thesaurus

Noun 1. descriptor - the phonological or orthographic sound or appearance of a word that can be used to describe or identify
something; "the inflected forms of a word can be represented by a stem and a list of inflections to be attached"

Shop the year's most
favorite things

Shop the list
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Translations ----------------------- ▼Select a language:

≡ form, signifier, word form

↔ linguistics - the scientific study of language

↔ word - a unit of language that native speakers can identify; "words are the blocks from which sentences are
made"; "he hardly said ten words all morning"

↔ plural, plural form - the form of a word that is used to denote more than one

↔ singular, singular form - the form of a word that is used to denote a singleton

↔ ghost word - a word form that has entered the language through the perpetuation of an error

↔ root word, stem, root, theme, radical, base - (linguistics) the form of a word after all affixes are removed;
"thematic vowels are part of the stem"

↔ etymon, root - a simple form inferred as the common basis from which related words in several languages can
be derived by linguistic processes

↔ citation form, entry word, main entry word - the form of a word that heads a lexical entry and is alphabetized
in a dictionary

↔ abbreviation - a shortened form of a word or phrase

↔ acronym - a word formed from the initial letters of the several words in the name

2. descriptor - a piece of stored information that is used to identify an item in an information storage and retrieval
system

↔ information - knowledge acquired through study or experience or instruction

↔ computer science, computing - the branch of engineering science that studies (with the aid of computers)
computable processes and structures

Based on WordNet 3.0, Farlex clipart collection. © 2003-2012 Princeton University, Farlex Inc.
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Disclaimer
All content on this website, including dictionary, thesaurus, literature, geography, and other reference data is for
informational purposes only. This information should not be considered complete, up to date, and is not intended

to be used in place of a visit, consultation, or advice of a legal, medical, or any other professional.

Advertisement. Bad banner? Please let us know Remove Ads

Advertisement. Bad banner? Please let us know Remove Ads

Copyright © 2003-2022 Farlex, Inc
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© 2022 Sharpened Productions

Stands for "Direct Memory Access." DMA is a method of transferring data from the computer's RAM to
another part of the computer without processing it using the CPU. While most data that is input or output
from your computer is processed by the CPU, some data does not require processing, or can be processed by
another device. In these situations, DMA can save processing time and is a more efficient way to move data
from the computer's memory to other devices.

For example, a sound card may need to access data stored in the computer's RAM, but since it can process
the data itself, it may use DMA to bypass the CPU. Video cards that support DMA can also access the system
memory and process graphics without needing the CPU. Ultra DMA hard drives use DMA to transfer data
faster than previous hard drives that required the data to first be run through the CPU.

In order for devices to use direct memory access, they must be assigned to a DMA channel. Each type of port
on a computer has a set of DMA channels that can be assigned to each connected device. For example, a PCI
controller and a hard drive controller each have their own set of DMA channels.

DMA

Updated 2006
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Using Intelligent Peripherals to Improve CPU Efficiency

By Warren Miller
Contributed By Electronic Products
2014-04-16

Modern MCUs have added a wide range of new features that when used correctly can dramatically improve
application efficiency. In particular, the use of intelligent peripherals, peripherals that can operate independently
from the CPU, allows the CPU to do other tasks in parallel or to be put into a low-power sleep mode. Using either
of these techniques will result in improvements to overall processing efficiency as well as power savings.



The DMA controller



One of the first intelligent peripherals encountered when doing MCU-based designs is the direct memory access
(DMA) controller. This specialized hardware block can transfer data between memory and/or peripherals without
the need for the CPU to be involved with each transfer. Advanced DMA controllers, such as the one included on
the STMicroelectronics STM32F4 family, can further offload the CPU by using features for flexible data stream
allocation and transfer management. Let’s look at some of these features in more detail to see how they can be
used to improve processing efficiency.



Figure 1 shows a block diagram representing the variety of data paths available in one of the two DMA
controllers on STM32F4 devices. As shown on the left side of the figure, DMA requests originate from eight
different channels (allocated to the various DMA-enabled peripherals) and are routed to eight different request
inputs on the arbiter, establishing a priority (lower-numbered inputs have higher priority). The highest-priority
transfer is then activated, and the AHB Masters, on the right side of the figure, execute the desired data transfer.
Separate masters for both the memory and the peripheral interfaces further improve efficiency for peripheral-to-
memory transfers, probably the most prevalent use of a DMA in MCU-based designs.



The allocation of separate FIFOs for each stream, as shown in the middle of Figure 1, allows the FIFO
characteristics to be tuned for each peripheral interface’s characteristics. For example, the threshold level of the
FIFO (depth at which a transfer is requested) can be individually set at ¼, ½, or ¾ of the FIFO size. This allows
lower-speed channels to wait until the FIFO is almost full before a transfer to minimize overhead. Faster channels
would initiate a transfer sooner, perhaps at ½ the size to avoid a FIFO overrun.
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Figure 1: STM32F4 family DMA controller (Courtesy of STMicroelectronics).



Other advanced DMA capabilities to look for are related to the management of data transfers. Some peripherals
provide an end-of-transfer indicator, which an advanced DMA controller can detect and use to terminate the
transfer independently of the CPU. Double buffering and circular buffer management, when done by the DMA
controller, eliminate CPU overhead by automatically reconfiguring source and destinations during transfers. If the
CPU needed to manage these types of low-level tasks, you can see that processing efficiency would suffer.



This amount of flexibility in mapping, prioritizing, and managing data transfer activity significantly reduces CPU
overhead, and once the intelligent DMA controller is initialized, transfers can be managed and bandwidth
efficiently allocated without further CPU intervention. This amount of independent operation is a key feature of
any intelligent peripheral, one the designer should look for when selecting target devices, and one we will find in
the other intelligent peripherals we will discuss next.



Look for intelligence in serial peripherals



Once the use of DMA is understood, it is a natural extension to look for ways to provide additional intelligence to
serial peripheral units to take full advantage of DMA capabilities and to further offload the CPU from low-level
functions. The use of dedicated FIFO buffers integrated into high-speed peripherals, such as Ethernet and USB,
provides an additional level of autonomy from the CPU since transfers can be staged and handled, perhaps via
DMA, in a single burst to improve efficiency. Intelligent peripherals can set various levels at which the CPU can be
interrupted based on bandwidth requirements. Note that these independent FIFOs can work in conjunction with
any FIFOs dedicated to the DMA controller, like those shown in Figure 1 for the STM32F4 devices. The peripheral
FIFOs can provide the first level of buffering and the DMA can provide a second level based on which peripherals
are active at the same time. This allows for an extra level of management and control (that is, intelligence) not
available when FIFOs are only available at the peripherals.



As described previously, many peripherals include flexible interrupts that can be used to request CPU
intervention, and if the interrupt is specific enough to tell the CPU exactly what service is required, response time
can be significantly reduced. If the interrupt is not intelligent, the CPU needs to search through a variety of flags
or status bits to determine what action to take. Using peripherals with intelligent interrupts can make a big
difference in cases where timing budgets and latency requirements are most aggressive.



Some MCUs take this approach one step further and eliminate the interrupt completely for some operations. The
Energy Micro (now part of Silicon Labs) EFM32GZ family includes a special Peripheral Reflex System (PRS) that
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can be used to implement many common interrupt functions by allowing fast and autonomous communications
between peripherals. This can eliminate the need for an interrupt to the CPU for simple housekeeping functions
since events from one peripheral can be used as input signals or triggers by other peripherals. These signals are
selected and routed via one of four configurable interconnect channels. Outputs from producing peripherals
(those generating an event) are routed to consumers (peripherals triggered by an event) and adjusted for level or
rising/falling edge sensitivity.



An example use of the PRS is illustrated in Figure 2. The timer can be used to trigger the start of the ADC
conversion and the ADC conversion completion signal can be used to trigger a DMA transfer. The DMA
completion signal, in turn, can be used to reset the timer to start the sequence over again. No CPU intervention is
required and no interrupt need be generated. Note that an additional counter could be added to the PRS used to
wake the CPU after some number of measurements has been made (perhaps 1,000). The CPU could then
process all 1,000 samples at once to further improve processing and power efficiency.



Figure 2: Silicon Labs EFM32GZ family peripheral reflex system example (Courtesy of Silicon Labs).



Multicore MCUs create intelligent peripherals



The ultimate offload engine for a high-performance MCU is a coprocessor that can manage the peripheral I/O
functions with complete independence. The recent move to multicore MCUs, such as with the NXP
LPC4370FET100E, allows the designer to create a completely independent channel controller, dedicated to
peripheral control. In fact, the NXP LPC4370 has three CPU cores: the main ARM Cortex-M4 CPU, a coprocessor-
oriented ARM Cortex-M0 CPU, and a special peripheral-control-oriented ARM® Cortex™-M0 CPU. Figure 3 shows
that the peripheral-oriented CPU (in the upper left side of the block diagram) is part of a peripheral subsystem
that includes an AHB subsystem bus matrix, an SPI port, subsystem GPIO, and local SRAM memories. A core-to-
core bridge connects the subsystem to the rest of the device through the main AHB bus matrix. The peripheral
subsystem has all the hardware needed to manage peripherals independently, and in some cases can be the only
CPU active, with the other CPUs in low-power states to improve power efficiency.
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Figure 3: NXP LPC4370 family block diagram (Courtesy of NXP).



However, intelligent peripheral control need not stop there. In fact, the second ARM Cortex-M0 CPU can also be
used for peripheral control, perhaps for the analog DAC and ADC subsystems or as an intelligent motor control
peripheral. This layering of intelligent peripheral control makes it possible to enable only the subsystem required;
the main CPU during high-performance data-processing functions, the low-speed intelligent peripheral interface
during command processing over the SPI port (with the rest of the device in a power-down mode), or the higher-
speed intelligent peripheral controller during motor control or analog operations. The possibilities for
independent operation are wide ranging when multiple cores are available to create independent intelligent
subsystems, and they can be more easily customized for the particular needs of the application.



Do not overlook intelligent analog



It might be easy to focus on the digital peripherals and overlook the new features available in analog peripherals
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that also give them increased levels of intelligence. The analog-to-digital converter (ADC) included on advanced
MCUs like the Renesas RL78 family is capable of independent operations, similar to those described for digital
peripherals like serial ports. For example, intelligent ADCs can be configured to make periodic measurements
when triggered by a hardware timer, completely independent from the CPU. Captured values can be stored
sequentially into memory using a DMA function, and the CPU need not become involved until enough
measurements have been made to require processing. In digital signal processing (DSP) applications, it might
take a thousand measurements before processing is required. During this time the CPU can be doing other
functions, or can be put into a low-power sleep mode and a timer interrupt used to wake the CPU when enough
samples have been acquired. It is easy to see that both processing and power efficiency are much improved over
an implementation where the CPU needs to be used to capture and store each ADC measurement.



You might think that this level of intelligent, autonomous operation is enough, but as they say in low-budget late-
night TV commercials, “Wait, there’s more!” The Renesas RL78 ADC also has a windowing function that can be
used to further improve autonomous operation. This function allows the programmer to define a low- and a high-
level threshold (the window) for the captured ADC values, as illustrated in Figure 3. If the captured value is
outside the defined thresholds, an interrupt can be generated (if the ADRCK control bit is set to a “1”). Note that if
the reverse window is desired, an interrupt can be generated if the value falls within the window. This feature
allows for a fast response if the analog value begins to wander outside the acceptable range. Without this level
of intelligence it would take until the end of the full data set (perhaps a thousand measurements) is captured and
then a significant number of CPU cycles scanning the entire data set to determine if the value has started to
move outside the acceptable range. If measurements are made every 10 µs and 1,000 measurements are taken
each time, the worst-case response to a threshold violation would be over 10 ms (not including the time for the
CPU to scan the entire data set, burning power the whole time). Clearly the use of a windowing function, like that
available on the Renesas RL78 can save significant processing cycle time and power dissipation.



Figure 4: Range settings for the Renesas RL78 ADC windowing function (Courtesy of Renesas).



Intelligent use of low-power modes



It is important to note that the ability to put inactive CPUs into a low-power mode can be a key technique to
further improve power efficiency. A recent TechZone article, "Using MCU Power Management Options to Optimize
System Efficiency," provides an excellent resource to better understand the wide variety of low-power modes
available, so we can forgo a detailed discussion here. Our key takeaway point about low-power modes is that
intelligent peripherals, due to their autonomous operation capability, provide many opportunities to put CPUs into
low-power states, “saving” them for the complex data-processing tasks they are best at. When low-power modes
are used in conjunction with intelligent peripherals the resulting improvements in power and processing
efficiency can be dramatic.



To sum up, MCUs have developed several autonomous functions that can be used to offload low-level processing
tasks for managing peripherals and their associated data transfer functions. New multicore MCUs provide even
more opportunities to create and use intelligent peripherals, targeted to the specific needs of the application. The
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use of intelligent peripheral subsystems can dramatically improve both processing and power efficiency when
properly integrated into an MCU-based application. Do not overlook these opportunities in your designs.



For more information on the MCUs discussed here, use the links provided to access product pages on the Digi-
Key website.



 

Disclaimer: The opinions, beliefs, and viewpoints expressed by the various authors and/or forum participants on this website do not necessarily
reflect the opinions, beliefs, and viewpoints of Digi-Key Electronics or official policies of Digi-Key Electronics.
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